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High Al doping level in Silicon Carbide layers is strongly desirable for most of
SiC bipolar devices. Contact resistivity of such regions becomesa limiting factor for

most types of SiC based power and microwavepower devices (p-i-n diodes, IMPATT-
diodes, microwavelimiters. BJTSetc.).

Conunonly used chemical vapor deposition (CVD) technique is not able to
provide aluminumatomic doping concentration sufficient for reproducible fabrication of
ohmic contacts with specific contact resistance lower than I0~4 ~ cm2. Ion implantation

can provide rather high Al atomic concentration, but the defects produced by
implantation require post implantation high temperature anneal and can cause the
additional problems for devices fabrication and operation.

In this paper wereport on SiC doping with Al during liquid phase epitaxy (LPE)
ofthin (03-0.4 um)6H- and4H-SiC Iayers for diode structures with a smoothmirror-like
surface. Al doped6H-SiCepitaxial layers were grownby LPEon the 6H-SiC (OOOl)3.2"
and 4H-SiC 8' off-axis substrates. Wealso grew p+- 6H-SiC and p+-4H-SiC Iayers on
commercial p-n epitaxial structures. Growih wasperformed in a vertical dipping version
of LPEreactor.

Weachieved significant improvement of surface morphology for thin layers

doped with Al by decreasing of growih temperature. Smooth layers with A1 atomic
concentration over 2xl020 sm~3(as measuredby secondary ion massspectroscopy) were
grown. Thickness of p+-layers wasmeasuredusing scanning electron microscopy.

Ti-AI alloy wasdeposited to form ohmic contacts both by sputtering and e-beam
evaporation. Test structures were formed for transmission line (TLM) resistivity

measurements. Contact layers were annealed in vacuumat high temperature. TLM
measurementsshowthat reproducible Ohmiccontacts with contact resistivity in low I0~5

~xcm2rangewere fabricated. For the best contacts, I0~6 ~xcm2Ievel wasachieved.
Highly dopedp+-SiC Iayers were applied to fabricate SiC diodes with low on-

state resistance. In this case p+-SiC LPEIayers were grownon the top of commercial pn
epitaxial stuctures. Back contacts for diodes were formed by nickel evaporation and
subsequent anneal in Ar flow. Diode mesa-structures of various sizes were formed by
reactive ion etching in radio frequency glow discharge SF6plasma. Weprotected the top
contacts against etching by the aligned Ni masksusing lift-off lithography. To improve
on-state resistivity of diodes back and topside contacts were enforced with gold. Resulted

- 361-



in diodes showlow on-state resistivity of -8x I04 ~xcm2. This value exceeds the level of
contact resistivity to p-layers. The resistivity is possibly limited by the substrate and/or
base n-layer resistance.

Wemayconclude that heavily aluminumdopedp+_ SiC Iayers and resulted record
low resistivity Ohmiccontacts to p-type SiC have been demonstrated and implemented
for diodes fabrication.

This work is supported by ONR(contract monitor JohnZolper).
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Homoepitaxial growth of 4H-SiC on porous substrate by chemical vapor deposition

using bis-trimethylsilylmethane precursor
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Dislocations and micropipes in SiC wafers still limit the performance of SiC electronic

devices such as MESFET,MOSFETand SBD. Therefore, it is prerequisite to reduce the

dislocation in order to exploit high performance SiC electronic devices. Usageof porous

silicon carbide (PSC) is one ofthe waysto reduce dislocations during epitaxial growih.

In this paper, 4H-SiC films were grownon 8' off-axis porous 4H-SiC (OOO1)by chemical

vapor deposition using a single source material, bis-trimethylsilylmethane (BTMSM).The

flow rate of the carrier gas H2, which flows through liquid BTMSMsource, and growih

temperature were varied from 10 to 30 sccm and from 820 to 1390~,
respectively. The

grown films were examined by atomic force microscopy (AFM), scanning electron

microscopy (SEM), electron back scattering diffraction (EBSD), high resolution x-ray

diffractometry (HRXRD)and transmission electron microscopy (TEM). Theroughness of as-

received substrate (1.2nm) was improved to 0.5 nrn by hydrogen etching for IOmin at

1500~C
.
As the growih temperature and the flow rate of source material, BTMSM,increase,

the rms roughness of the thin film wasdecreased, indicating that the growih follows the so-

called step-controlled epitaxy model. It was found that the flow rate of source material,
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BTMSMis critical growih parameter to polyiype formation of thin film. At higher flow rate

(>20sccm), parasitic 3C-SiC polyiype was included in the grown film. The (1 11) Bragg spot

position of 3C-SiCon PSCis displaced by I .2xl0~3 um~1along the Q.-axis with respect to the

(O004) Bragg spot position of 4H-SiC in reciprocal space, while the (1 11) Bragg spot position

of 3C-SiC on the standard 8' off-axis 4H-SiC substrate is displaced by 3.4xl0~3 nm~1. The

result suggests that 3C-SiC on PSCis more strained than that on standard substrate. This

difference might be ascribed to the porosity of the substrate. However, at low flow rate

(10sccm), homQepitaxial 4H-SiC films without parasitic 3C-SiC was grown. Although the

FWHMof (O004) Bragg spot of the epilayer grown below 990~C is larger than that of

substrate, FWHMof thin films above 1200~C is smaller than that of substrate.

Monocrystalline 4H-SiC films were growneven at the extremely low temperature of 820~
.

At optimum growih condition, the density of dislocation in the epilayer was reduced

comparedto that of typical commercial substrate.
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Si02 as oxygensource for the chelnical vapor transport of SiC
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Recently, the sublimation epitaxy methodhas attracted attention in order to grow thick

homoepitaxial SiC Iayers at low cost. This technique is a simple transposition to lower
temperatures of the modify Lely-process used for SiC boules. However, in most cases the

temperature is higher than 1800'C [1,2]. Reduction of the growih temperature could help
solving someproblems such as thermal stress, defect generation or graphitisation of the

source. However, the lowering ofthe temperature is critical for the growih rate becauseofthe
low sublimation rate of SiC. Theaddition of a chemical agent X in the growih chambercould
assist the vaporization of SiC by forming SiX and CXgaseous species. In this case, the

methodshould be called ChemicalVapor Transport (CVT).

In a frrst step, a thermodynamics study based on the total Gibbs free energy
minimization wasperformed in order to evaluate the potential of oxygen as a transporting

agent for SiC. The temperature ranged from 1500 K to 2200Kand isochore conditions were
used. After fixing the initial Si, Cand Ocontents, the equilibrium partial pressures were
calculated at one temperature and inserted again for calculation at adifferent (lower or higher)

temperature to simulate a thermal gradient. SiO and COwere found to be the main gaseous
species forming. It is shownthat SiC can be transported on a wide range of initial reactant
content or temperatures without the co-formation of Si02, Si or C.

In a second step, the CVTof SiC wascarried out in a sublimation like graphite reactor
with an internal thermal gradient of 7K/mm.The SiC seeds were 8' off oriented (OOO1)4H-
SiC substrates. The use of Si02 powder as the oxygen source is advantageous on many
points : 1) it is easy to handle; 2) it can be introduced in the reactor in a precise amount; 3) the
intimate mixing of both SiC and Si02 powdersensures an effective interaction of oxygenwith
the SiC source.

CVTexperiments with Si02 addition to the source were comparedto pure sublimation
experiments performed with identical argon pressure and temperature. It was found that the
addition of Si02 in the source enlarges the conditions of pressure and temperature for the SiC
epitaxial growih. Indeed, epilayers could be grown at lower temperature or higher pressure
than the ones required for sublimation epitaxy. It was also observed that, whenSi02 was
added, the SiC powder never showedany evidence of graphitisation afier experiment. The
effect of the SiC/Si02 molar ratio in the source has been studied in order to optimize the
growih conditions and the quality ofthe epilayers.

[I] M. Syvajarvy, R. Yakimova, M. Yuominen. A. Kaknakova-Gieorgieva, M.F. MacMillan, A. Henry, QWahabandE. Janz6n, Journal of Crystal Growih 197 (1999) 155.
'

[2] T. Furusho, K. Matsumoto,H. Harimaand S. Nishino, Materials Science ForumVols. 338-342 (2000) 217.

* Corresponding author : Tel +33 472 43 16 07/ Fax+ 33 472 44 06 18/ e-mail : ferro@univ-lyonl .fi
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Control of the surface morphologies of SiC epitaxial films is important for electronic

device fabrication, particularly for high-frequency applications.[l] In this study, we
investigate the surface morphologyof epitaxial layers etched in the hydrogen annealing under
the several conditions.

The vertical hot wall type CVDsystem wasused to grow the epitaxial layers of SiC in

this study.[2] The growth temperature and pressure were 1600'C and 90kPa, respectively.

The flow rate of H2carrier gas was2slm. The flow rates of SiH4 and C3H8were 3sccrn and
2sccm, respectively. Thesurface morphologies of epitaxial layers were minutely evaluated by
laser microscopy and atomic force microscopy (AFM). The epitaxial layers on the 6H- and
4H-SiC(OOOl)Sisubstrates with 3.5' and 8' off-angles, respectively, resulted in the formation

of the macro-steps. Size of the steps wasobserved as 600- 1300nmin width and l0-30nm in

height on the 6H-SiC. The terrace width (700-2000nm)and step height (l0-50nm) on 4H-SiC

were larger than those on 6H-SiC.
The epitaxial films with macro-steps on 6H- and 4H-SiCwere etched in the atmosphere

of hydrogen. The etching experiments were performed in the CVDsystem described above.

The substrate temperature, H2-flow rate, and H2 pressure were varied within 1400-1600'C,
0.5-2.0slm, and 3-90kPa, respectively. Theetching rates were varied from 0.5um/h to 30um/h
with the etching conditions. It is confirmed that the etching rate increases with increasing

substrate temperature and H2-flow rate, and is varied inversely with the pressure.
After etching in H2at the pressure of 90kPa, it is observed that the surface morphologies

keep the same with macro-steps mentioned above. Under atmospheric pressure, it is

considered that the etching reactions mainly occur on the terraces of the macro-steps, so that

the width of wide terrace becomeswider as the reactions proceed. In low-pressure H2
atmosphere, it is clarified that the step height is drastically reduced after hydrogen etching.

After 30min. etching at 1500'C under the pressure of 6kPa, the average surface roughness of

6H- and 4H-SiC measuredby AFMbecome3nmand 5nm, respectively. There are little

effects of substrate temperature and H2-flow rate to the surface morphologies. These results

suggest that the low-pressure H2atmosphere accelerates the etching reactions on the kink of
the bunchedterraces to reduce the step height and to proceed the effective flattening of the

bunchedsurfaces.

In conclusion, the surface morphology of SiC epitaxial layers etched by hydrogen
annealing has been investigated by laser microscopy and AFM.The step height of the

bunehed surfaces of epitaxial layers drastically reduces after hydrogen etching at

low-pressure atmosphere.

References

[I] T. Kimoto et al., J. Appl. Phys. 73 (1993) 726.
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.
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P. Weih. Th. Stauden, J. Pezoldt
Institut fur Festkdrperelektronik, TUIlmenau, Postfach I00565, 98684Ilmenau, Germany
Phone: ++493677693166. Fax: ++493677693209, e-mail: pezoldt~)_e-technik.tu-ilmenau.de

Germaniurnhas attracted an interest in the SiC technology. Three f~relds of applications are in the focus

of research. Firstly. Gecan be used to impro\'e the heteroepitaxial growih of SiC on Si [1 ,2]. Sec-

ondly, Gecan act as a surfactant during the epitaxy of SiC [3] andmorerecently the formation of of

gennaniumnanocrystals as potential candidates for optoelectronic application havebeenstudied [4]
.

For all this application it is important to haveadetailed knowledgeabout the structural evolution during

early stages of Gedeposition to control the surface structure andcomposition, but only few reports are
available on Geinduced surface structure [4]• In this paper, real time in situ reflection high energy
electron diffraction (RHEED)studies of the surface structure evolution during Gedeposition on
differently prepared SiC(OOOI)surfaces will be presented.

Cree silicon face 6H-SiC(OOOI)3.5' off~-oriented towards [1 12O] wereusedas substrates. The
substrates were cleaned in situ in a hydrogen plasmaand by heating in a Si flux to get defmite
reconstuctions of (3 > 3)-Si. (v'3 x V3)-Si and (v'3 x /3 )-C. Subsequently. these well prepared surface

reconstruction were subjected to a Geflux of 0.003 MLs~i with respect to the SiC surface. The
deposited Geamountwasin the range betweenO. I and8ML.The investigations werecarried out at

substrate temperatures between250'C and 900'C
.

Independent on the prepared surface reconstruction weobserved the formation of aGewetting layer.

Thethickness ofthese layers was in the range of I to 3MLin dependenceofthe initial surface

reconstrution and substrate temperature. Thesewetting layers were stable against cluster formation at

substrate temperatures below 480'C andGecoverages belowapproxirnately 0.7 MLon (3 x3)-Si,

1.4 MLon (V3 x/3)-Si and I .7 ML(/3 xV3)-C reconstructed surfaces.

The following possible transition schemeswere observed:

(3 x3)-Si reconstructed surt~ace: (3 x3)-Si - (3 > ~(4> +cluster formation
(V3xV3)-Si reconstructed surface: (V3xV3)-Si - (2xl) or (2x2)-Ge - (4x4)-Ge - cluster

formation
(V3xV~)) Creconstructed surface: (V3xV3)-C - (V3> ~(2x 1) or (2x2)-Ge ~ (4x4)-

Ge- cluster formation

Adetailed analysis of the RHEEDtime dependentRHEEDintensity behaviour will be presentd.

[1 J T. Hatayama,T. Fuyuki, H. Matsunami, Mater. Sci. Forum264-268 (1 998) 235.
L2] P. Masri, N. Moreaud,M. Averous. Th. Stauden. T. W6hner,J. Pezoldt. MRSSymp.Proc.

572 (1999) 213.

[3] S. Mitchel. M.G. Spencer. K. Wongtchotigul, Mater.Sci. Forum264.268 (1992) 231.

[4] B. Schr6ter, K. Komlev, U- Kaiser, G. HeB.G. Kipshidze, W.Richter. Mater. Sci. Forum
3553-356 (2001 )~_47

- 367-



Technical Digest oflnt '/ Conf on SiCandRelated Materials ICSCRM2001-,Tsukuba, Japan, 2001 WeP-6

In situ etching of 4HSiC in H2with addition of HCIfor epitaxial CVDgrowth
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Goodsurface morphologyof the epitaxial layers is a basic requirementIntroduction
for both the processing and the performance of the devices. To improve the surface

morphology, one important factor is the substrate surface condition prior to the growth.

Etching of the SiC substrate before the CVDgrowth in pure hydrogen or in hydrogen with
addition of either a hydrocarbon or hydrogen chloride (HCl) has been used to improve the

surface quality of the epilayers [1, 2]. In this paper weinvestigate the etching mechanismof

4HSiC in H2With addition of HCIand the role of HCI in the etching.

The in situ etching and the subsequent CVDgrowth runs wereExperimental
performed in a horizontal hot-wall reactor, similar to the one described in [3]• ASiC-coated
graphite susceptor wasused and the small substrate pieces were placed on a poly-SiC plate

lying on the susceptor floor. A small amount of hydrogen chloride ( 0.03% in volume)
together with the hydrogen carrier gas was introduced during the etching. Silane (SiH4) and
ethylene (C2H~) were used as precursors for the subsequent growth. A4HSiC epilayer (8'

off-oriented towards the 20> direction), was etched and the thickness was measured
before and after etching using Fourier Transformed Infrared Spectrometry (FTIR), and the

etch rate was thereby obtained. The surface morphology of the etched substrates was
examinedin an optical microscope with Normaski contrast. The surface roughness profiling

was conducted using light interference with a WYKOinstrument. KOHetch of the SiC
surface wasconducted at - 500 'C for 5- 15 s.

As shown in Fig. 1, the etch rate increases rapidly with increasingResults
temperature. The activation energy is above 110 kcal/mol at 20 mbar (open squares), and
decreases to around 72 kcal/mol at 100 mbar (black squares). The high activation energy
values suggest that the limiting mechanismfor the etching maybe related to either the carbon
removal through the reaction with hydrogen or the Si evaporation process. Thepressure also

has an impact on the etch rate, as indicated in Fig. 2. The etch rate decreases steeply with
increasing pressure below a pressure of 100 mbar. Abovethis pressure, the etch rate further

decreases very slowly and almost levels off after 600 mbar. Without addition of HCI (closed

circles in Fig. 2), the etch rate is considerably lower at low pressures, but only slightly

reduced in the high pressure range
Etching in hydrogen with addition of HCIunder proper conditions has shownto significantly

improve the subsequently grown epilayer morphology. As illustrated in Fig. 3a, the epilayer

grown without pre-growth etch displays a large density of pit-like defects, whereas on the

epilayers grown after etch (Fig. 3b) the amount of the pit-like defects has been reduced
considerably, with only a few half-moon defects encountered on the surface. The KOH
etching of these epilayers showsthat the pit-1ike defects mainly originate from dislocations,

whereasthe half-moon defects do not display etch pits after the KOHetch.
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Fig. 3, Normaski micrographs of: a) 17.5 umepilayer grown for 3hwith no pre-growth etch;

b). 9.5 umepilayer grown for 2h after proper in situ etch in hydrogen with addition of HCl.

The surface roughness of the as-etched substrates has been measuredsystematically by the

WYKOinstrument. A too high etch temperature (> 1650 'C) is shownto give rise to rough
surface, whereasa low etch pressure (around 40 mbar) results in very smoothsurface.

To summarise, the pre-growth etching of SiC in hydrogen with addition of HCIhas shownto

effectively suppress the formation of dislocation related morphological defects after the

epitaxial growth. The etch rate dependenceon the etch parameters has been studied to

understand the etching mechanisminvolving HCl.

l A. A. Burk andL. B. Rowland, J. Cryst. Growth 167 (1 1996), p. 586
2J. A. Powell andD. J. Larkin, phys. stat. sol. (b) 202 (1997), p. 529
3O. Kordina, C. Hallin, A. Henry, J. P. Bergman,I. Ivanov, A. Ellison, N. T. SonandE.

Janz6n, phys. stat, sol. (b) 202 (1997), p. 321
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I. Introduction
Silicon carbides (SiC), especially the high-temperature stable ones (such as 4Hand6Ha-SiC)

with hexagonal crystal structures are strongly expected to be the next-generation
semiconductors, that are applicable for high power, high voltage, high temperature, and high
f~requency devices, since they have a wider bandgap (3.0-3.2eV) than the low temperature type
(p-SiC; 2.2eV), and have high melting point (m.p.>2400'C ), Iarge thermal conductivity, and
large resistance for electric breakage. However, the high m.p. makesit difficult to prepare
single crystals and needs complex processing for preparation of the devices, such as ion
implantation and thermal annealing at high temperatures around 1600'C. Manytrials weremade
for preparing SiC hetero-epitaxial films, however, they have failed except for P-SiC hetero-
epitaxial growth by MBEtechniques. Here wereport the first preparation of hetero-epitaxial
films of Ot-SiC at low temperatures around 1150'C by pulsed laser ablation-deposition (PLAD).
II. Experimental

The fabrication of a-SiC films have beenstudied by PLADtechnique using the 4'h harmonic
of Nd:YAGIaser (266nm). Wetried the film growth using 6Ha-SiC targets andsevenkinds of
single crystal substrates: Si(111), Si(110). Si(100), sapphire:Al203(OOO1), Mg(100),
SrTi03(100), and LSAT(100). The epitaxial growth has occurred only on the Si(111) and
sapphire(OOO1)planes.
Ill. Results and Discussions

Figures la, Ib, and lc show the infrared absorption spectra of the films simultaneously
fabricated on Si(111), Si(110), and Si(100) substrates in the following PLADconditions: the
substrate temperature =1150 'C

,
Iaser energy = 50 mJ/pulse, fluence = 5J/cm 2/pulse, pulse

frequency = 10 Hz, andvacuumpressure = Ixl0-7 Pa. Every spectrum showsabsorption of Si-

Cstretching vibration modev(Si-C) alone, unequivocally indicating formation of SiC thin films.

The absorption frequency was 786:t3 cm~1 for the film fabricated on Si(111). The X ray
dit~fraction (XRD) pattern of the film is shownin Fig.2a. It is composedof SiC(O006) and
SiC(OO012)XRDIines expect for diffraction lines from the substrate, definitely indicating
formation of c-axis oriented f"ilm of a-SiC on Si(111). Onthe other hand, the XRDpatterns for
other films prepared on Si(110) and Si(100) showXRDIines only from the substrates as shown
in Figs.2b and2c. Theseresults along with those from the infrared spectra suggest formation of
SiC polycrystalline films.

Thecrystallinity of the films was investigated by reflection high energy electron diffraction
(RHEED).Figures 3a and3b showRHEEDimagesobserved for the film fabricated on Si(111).
Figure 3c is an imagemeasuredfor film on Si(110), which did not changeby rotation of the film.
It is of Debye-Sherrer (ring-type) pattern, that is characteristic of polycrystalline samples. The
film fabricated on Si(100) also gave essentially the samering pattern. Thus it wasconf~rrmed
that polycrystalline SiC films were formed on Si(110) and Si(100) planes, which have no C6
symmetry (having C2 and C4). On the other hand, the film on Si(111) substrate shows
symmetric streak patterns which is characteristic of epitaxial growth of a-SiC. Twospectra in
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Figs. 3a and 3b are observed at the film-orientations that differ by 30" in each other and

observed at an interval of 60". This is evidence for the film having C6symmetryin the plane.

Theseparation betweenstreak lines is proportional to the reciprocal Qf the lattice constants. The
ratio of the separations betweenthe streak patterns in Fig.3a and Fig.3b was-1.76~:0.05, which

agrees with the value of 3lf2
= 1.73 expected for the lattice with C6 symmetry. These results

along with those from XRDstrongly indicate that the epitaxial film of a-SiC having hexagonal

structure is fabricated on Si(111), rather than P-SiC with cubic structure. The lattice parameters

of the t~ilm were estimated to be a = 3.09:!:0.04, c = 15.08 :!:0.01A from the RHEEDand XRD
measurements,in good agreement with the reported values for 6Ha-SiC (3.07 and 15.08 A).

TheIR absorption frequency v(Si-C) =786:t3 cm~1observed for film prepared pn Si(111) agrees

with the reported value for a-SiC (789 cm~1) rather than ~-SiC (798 cm~1), supporting the

assignment to a-SiC film.

Theepitaxial growth of SiC occurred only on Si(111) and Al203(OOO1)which have the same
C6symmetryas a-SiC, implying that symmetrymatching is ~n important factor for the growih.

Thepresent success of low-temperature preparation of a-SiC film by PLADmayprovide anew
device processing for production of pand n-type semiconductors.
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Cubic silicon carbide (3C-SiC) is a promising candidate to overcomethe device limit

due to intrinsic silicon properties in the fields of, high power devices, high temperature
devices and high radiation tolerant devices. Moreover, it maybe a suitable substrate for the

growih of cubic IV-nitrides. However,3C-SiC crystals are not commercialy available now. It

is important to develop higher device grade 3C-SiC crystals for the realization of 3C-SiC
devices.

This paper presents the results of two growih processes of 3C-SiC epilayers,

heteroepitaxial growih of 3C-SiCon Si (100) substrates andhomoepitaxial growih on 3C-SiC
substrates. Theheteroepitaxial growih wascarried out by low pressure CVDmethodusing a
vertical cold wall quartz reactor with two zone RFinduction heating systems. Silicon (OO1)
on-axis wafers, 50 mmsquare were used as substrates. Typical heteroepitaxial growih
conditions were as follows; growih temperature: -1250~C, growih pressure: 30 Torr, H2
carrier gas flow rate: 8slm, SiH4 gas flow rate: 0.8 sccm, and C3H8gas flow rate: 0.4 sccm.
The growih rates were around 2kL m/hr. After 5Ohours growih, the silicon substrates were
etched off using HF+HN03solution to fabricate free standing 3C-SiC films of IOOkL min

thickness. These 3C-SiC thick films were used as substrates for the homoepitaxial growih.
The homoepitaxial growih was performed by low pressure CVDmethod using another
vertical cold wall quartz reactor, under the conditions; the growih temperature: 1530~C, the

growih pressure: 47 Torr, and H2, SiH4, C3H8reaction gas flow rates: 10slm, 30 sccm, 8sccm,
respectively

.
Thegrowih rate were around IO~L m/hr. I) Thesurface morphologies of these

epilayers were observed using a Nomalski optical microscope and an AFM.The crystalinity

of these epilayers were evaluated by XRDandPLspectroscopy.
The morphologies of the grown surfaces of the heteroepitaxial layers were rough

,
becauseof the formation of macrosteps and protrusions causedby stacking fault. 2) as shown
in Figure I .

While, the surface morphology of the back side of heteroepitaxial layers
(interface with Si substrates) were very smoothas sameas those of Si substrates. Fromthis

reason, we used the back side surface of the heteroepilayer as these substrates for the

homoepitaxial growih, though the crystalinity was not so good comparedwith that of the

grown surfaces. The typical values of the FWHMof XRD-60scanrocking carve of the

substrates were around 1200 arcsec.. After homoepitaxial growih of -lOO l~ min thickness,
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the FWHMreduced to around 150 arcsec. The surface of the homoepilayers were fairly

smooth as shown in Fig. 2. The AFMimage of the surfaces is shown in Fig.3. Step

bunchings, the hight of which are I-2 nm, can be seen in this figure, and the root meansquare
of the surface roughness were around 0.4 um(10kLmX10!Lm). Figure. 4 showsthe PL
spectra of the homoepitaxial layer. A free exciton peak of 3C-SiC and Ndopant originated

peaks can be seen. The free exciton peak was not observed for the heteroepilayers. The
improvements in the crystalinity, the surface morphology and the luminescent properties

suggest the possibility of the growih of 3C-SiCcrystals good for the device fabrications.

1) H. Tsuchida et al., Materials Science ForumVols. 338-342 (2000) pp. 145-148
2) T. Takahashi et al., Materials Science ForumVols. 264-268 (1 998) pp. 207-210

Fig 1Nomalski microscope imageof a
heteroepilayer surface

.

Fig. 2Nomalski microscope imageof a
homoepilayer surface.

Fig.3 AFMimageof a homoepilayer
surface.
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3C-SiC is a promising semiconductor material for high terrLperature and/or high

power devices. The growih of 3C-SiC on sapphire or AlN substrates is quite
interesting from the point view of semiconductor-on-insulator (SOI) structures. For
most high-power applications, an insulating or semi-insulating substrate supporting
the device is necessary to reduce parasitic effects and to increase the maximumpower
capabilities of the device. On the other hand, it is important to control impurity
incorporation into epilayers for device applications. In this paper, wereport the in situ

doping of 3C-SiCgrownon C-face (OOO1)sapphire substrates by LPCVD.
The heteroepitaxial growih of SiC on sapphire substrates has been performed

with a supply of SiH4, C2H4,and H2at a pressure of 200 Torr. Thenitrogen and boron
incorporation wasaccomplished by introducing ammoniaCNH3)and diborane (B2H6)

precursors, respectively, into gas mixtures. The undopedand nitrogen-doped 3C-SiC
epilayers were grown on the nitridized sapphires, which were formed by supplying

NH3to the heated sapphire substrate at temperature of 11OO'C for IOminutes. The
boron-doped 3C-SiC epilayers were grown on pure sapphire substrates. Surface
morphologies were characterized by Nomarski differential interference contrast
optical microscopy and scumingelectron microscope (SEM).

Crystallinity of SiC on (OOOl) sapphire substrates wascharacterized using x-ray
diffraction (XRD). X-ray diffraction measurementsof undopedand nitrogen-doped
SiC samples (shown in Fig. 1) showthe presence of SiC (111) and (222) peaks at

20=35.6' and 75.4', respectively. The absence of any other reflections corroborates
that the SiC film is epitaxial and cubic (3C-) form mono-crystalline as reported
previously. X-ray rocking curve data confirmed the crystalline nature of as-grown 3C-
SiC films.

The incorporation of nitrogen and boron into grown 3C-SiC epilayers was
measuredby Auger electron microscopy (AES) and secondary-ion massspectroscopy
(SIMS). Fig. 2showsthat the nitrogen concentration for the samplesmadeat 1400 'C
with a NH3gas flow rate of I SCCMincreased from 20/0 to 150/0 with increasing the
Si/C ratio from 0.33 to 0.5. The carbon concentration decreased from about 350/0 to
240/0, while the silicon concentration kept the same(about 600/0). This result indicates
that nitrogen substitutes for carbon in the SiC Iattice and the nitrogen dopant
concentration incorporated into the 3C-SiC epilayers increased by increasing the SilC
ratio.

Preliminary Hall measurementswere madeat room temperature on undoped,
nitrogen-doped and boron-doped samplesusing the van der Pauwtechnique. Undoped
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and nitrogen-doped 3C-SiC epilayers were n-type conduction, and boron-doped

epilayers were p-type and probably heavily compensated. Three undoped 3C-SiC

samples showedn-type electrical conductivity with mobilities of approximately 2-7

cm2/Vsand (Nd-N.) of I .3> 10]8 cm~3. Four nitrogen-doped 3C-SiC samples

yielded values of 0.02 1~cmto 0.0014 ~cmfor resistivity, 2-5 cm2/Vsfor the electron

mobilities, and 2.5xl020 cm~3to 2.7xl021 cm~3 for the electron carrier concentration.

Four boron-doped 3C-SiC samples grown with diborane gas flow rate varied from

1.25 SCCMto 5 SCCMyielded values of 580 ~cmto 7.7 ~cmfor resistivity,

1.7x 1016 cm~3to I .3x I017 cm~3for hole carrier concentration, and 3. I to 7.7 cm2/Vsfor

hole mobility.

' This work was supported by National Natural Science Foundation and Special

Fundsfor Major State Basic ResearchProject G20000683.
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SILICONCARBIDEBUFFERLAYERSFORNITRIDEGROWTHONSi
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Group111-nitride is one ofthe best candidate for uv laser-diodes and LEDs. Gallium nitride-

based opto-electronic devices maypossess high emission effrciency becauseof its electronic
properties. In order to obtain high quality GaNcrystalline films, the problem of fmding an
optimized substrate material must be solved. Onepossibility is to use sapphire with buffer
layers because of the large lattice mismatch and thermal expansion mismatch between
wurtzite GaNand sapphire. The reduction/annihilation of structural defects in GaN
overlayers used as active layers is indeed a vital problem for device applications. The low
lattice mismatch between SiC and GaN(-3 o/o) makesSiC a suitable substrate for GaN
growih. However, this strategy is facing the problem ofhigh cost of SiC wafers.

Amongthe different techniques which can smooth out the effect of host materials large
lattiee mismatcbj the buffer layer technique has been widely used to assist heteroepitaxial
growth. Thus one useful task is to use Si as substrate with SiC buffer layer. Large area Si
wafers are indeed available with manyadvantages such as large area low cost, high surface
quality and high conductivity. This option would also provide a route towards the integration
of the group 111-nitride technology into the silicon technology for which well-established
processing methodsexist.

However, whenusing this methodology, an important problem related to the lowering of
residual stress existing at the SiC/Si interface must be solved since the crystalline quality of
the SiC/Si interface and of the surface of the SiC buffer layer is a necessary condition to
obtain GaNIayers free of structural defects.

Thecarbonization of Si-substrate surfaces performed to grow SiC overlayers on Si generally
introduces stresses at the SiC/Si interface bccause of host material physical properties
differences: SiC and Si present indeed a disadvantage due to the large mismatchesof their
lattice constants and their thermal expansion coefficients respectively equal to 20 o/o and 8olo.

Becauseofthese mismatchesand beyond layer critical thickness, extended defects, Iike for
instance dislocations, can be favored from the formation energy point of view. However,
these extended defects can not fully relax stresses introduced at the SiC/Si interface. The
carbonization of clean Si surface using hydrocarbon radicals is generally performed at the
early stage of the growih process. Gas source molecular beam epitaxy (GSMBE)
experiments have shownthat whenone uses (CH3)2GeH2(DMGe)as carbon source, the
morphology ofthe carbonized surface layer improves whencomparedwith the one without
Ge(carbon is then provided by hydrocarbon radicals from cracked ~;3H8). The thickness of
the smoothcarbonized layer is - 40 Awith a Geconcentration showing a saturation around
0.4 o/o

,
and the purpose of using DMGeis to introduce a large size atom at the

heterointerface.

In this work, our objective is to propose a strategy for the optimization ofthe SiC/Si structure

as a subsequent substrate to grow high quality GaNIayers. Several routes are investigated
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within the framework of a theoretical approachwhich wehave recently developped andwhich
has prooved itself to be very useful in manyaspects of the physics of heteroepitaxy. This

approach is based upon the elasticity theory of strained interfaces which are thus analyzed in

terms of their elastic and structural properties. It can predict the formation of stable phases

induced by epitaxial strains as well as their composition and also can allow the evaluation of
buffer layers for optimized heteroepitaxial growih needs. By constraining a material to grow
on a substrate structure, effective stress, which acts as a phase-stabilizing factor, is induced in

the hetero-system. However,weindeed knowfrom X-ray andelectron microscopy studies that

the morphology of multiphase crystals can not be understood only on the basis of classic

thermodynamics of phase transformations which involve bulk chemical free energy and
interface energy terms. The effect of strain elastic energy due to host materials lattice

mismatch is relevant too. One of the methods we consider relies on the effect of the

incorporation of group IV atoms into the 3C-SiC/Si structure. This incorporation aims at

elaborating an alloy-like buffer layer which has the property of improving the matching of SiC
and Si host material lattices. Theparameters involved in the theory are the elastic constant cij,

the lattice constant a and the density passociated with each host material. The importance of
these parameters in investigating the physics of epitaxially strained interfaces is recognized

fiom Hooke's law which states that the resulting strain is directly proportional to the stress

magnitude, i.e. to the magnitude ofthe force acting on a unit area in the solid. This provides a
strain-dynamics relationship implying buffer layer composition-dependent parameters. Thus
by optimizing this composition, we can provide a theoretical basis for further growih
investigations on the GaN/SiC/Si system basedon the buffer layer technique.
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In-situ etching of SiC wafers in aCvosystemusing oxygenas the source

RongiunWang,Ishwara Bhat' andPaul Chow
ECSEDepartment&Center for Integrated Electronics and Electronics Manufacturing

Rensselaer Polytechnic Institute, Troy, ~Y12180-3 590
*Ph: 518-276-2786Fax: 518-276-2433 Email: bhati r i.edu

Quality of a SiC epitaxial layer depends to a great extent on the quality of
substrate surface. Hydrogenetching at the growih temperature is the conventional method
used for removing scratches on the commercially available substrates. However, Si

droplets usually form on the surface. Formation of droplets can be inhibited by adding a
small amountof C3H8in the H2flow. However, addition of C3H8reduces the etching rate

considerably. HCI gas phase etching is another methodused to pre-etch SiC prior to
epitaxial growth, but it is preferable to avoid the use of HCI In a CVDsystem. Wehave
investigated a newmethod to etch SiC by adding a small amount of oxygen in the

hydrogen flow to overcome the above problems. Etching experiments under various

temperatures and oxygen flow rates are performed. Theetched surfaces are examinedby
optical microscope, AFMandXPS

Etching wasperformed in ahorizontal water-cooled cold-wall CVDreactor. High
purity oxygen diluted in Argon was used as the source, in addition to hydrogen as the

bulk of carrier flow. The substrates used were (OOO1)Si-face, 3.5'-off 6H-SiC from Cree
Research, Inc. Etching wascarried out for 30 minutes at 100torr and at a temperature m
the range from 1500t01600"C with different flow rates of oxygen.

First etch rate wasmeasuredat different temperatures and oxygen flow rates. The
result showsthat at a certain temperature, etch rate first increases rapidly (liner region)

and then saturates with the increase of oxygen flow. Whenobserved under the optical

microscope, samples etched using a low oxygen flow (linear region) showa smoothand
featureless surface, and samples etched under the saturation region show very poor
morphology. The oxygen flow and the etch rate required for getting the rough surface

increases with the etching temperature. Etch rate as high as 8um/hr wasobtained.

High-resolution XPSspectra from Si2p for etched samples were obtained. They
can be fitted with four Gaussianpeakswhich are assigned to Si (99.2eV), SiC (lO0.4eV),
SiO* (x (lO1 .7), and Si02 (l03eV). The fraction of each compoundwascalculated by
determining the ratio of peak area. The result shows that Si02 on the surface increases

while Si decreases with the increase of oxygen level in the system during etching. We
believe that the saturation of etching rate and the rough surface obtained at higher oxygen
concentration are the direct result of the fonnation of Si02 on the surface.

AFMon sample etched with pure hydrogen shows lots of sub-micron size white
dots probably causedby Si droplets. Theycan be removedby dipping the sample into hot

HF/HN03solution for a few minutes. Nowhite-dots can be seen on all H2/02 etched
samples. AFMalso reveals the appearanceof micro step bunching. Thewidth and height
of step increase with the increase of oxygenused durin*" the etching. Excellent surface

wasobtained whenepitaxial growih wascarried out on this oxygen-etched surface.

Epitaxia/ Growth, Conf#383

-378-



In-situ etching of SiC wafers in aCVDsystem using oxygenas the source
(continued )
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Silicon on Insulator (SOI) is a promising candidate to replace bulk Si for the hetero-

epitaxial growih of 3C-SiC/Si. Large strain reduction in the 3C-SiC Iayer and improvementin
the electrical insulation are expected LIJ.

However, Iarge cavities in the buried oxide (BOX)
have been observed after SiC deposition, resulting in the deterioration of the electrical

properties. Increasing the deposition temperature or decreasing the silicon overlayer (SOL)
thickness increased the size and density of the cavities [2, 3]. Theorigin of this phenomenon
is not yet established, even if someinitial defects in the SOIor thermal instability ofthe oxide

wereproposed.

In this work, wedemonstrate improvementof the available SICOI (SiC OnInsulator)

structures by using newgenerations of UNIBONDsubstrates from SOITEC.Experiments

have been carried out in a conventional vertical cold wall AP-CVDreactor with SiH4 and

C3H8as reactants and H2as vector gas. Standard growth conditions were used: carbonisation

at 1150'C with subsequent epitaxial growih at 1350'C. Three types of -UNIBOND
substrates with different SOLIBOXthickness were used : A) 2051200nm; B) 75/50 nm; C)
85/1 8nm.

Afier growing 3umthick SiC Iayers, all samples showedgood surface morphology
and crystalline quality very similar to that of comparative layers grownon bare Si substrates.

Nobuckling of the layers wasobserved even for the thinnest SOIstructure (sample C). From
infrared reflectivity spectra andTEMobservations, no deviation could be found for the SOL
and BOXthickness as comparedwith the nominal UNIBONDvalues (table 1). No large

cavity could be detected by optical microscopy, even at the highest magnification used
(x IOOO).Only small cavities, with diameter ranging from IOOto 250 nm, could be found from

TEMobservations (figure 1). Estimated surface proportion of these holes at the SiCISOI
interface wasonly 0.03~/*, which is by far the lowest value ever reported. Balling up of the

silicon around the cavities wasalso observed, suggesting bridges between the SiC Iayer and
the substrate.

Fi ure I :TEMcross section of sampleC
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Table I : Physical parameters ofthe SiCOI structures

NominalSOI TEMdata IR data IR Cavity Density of Dislocation

parameters Interfac e meanslZe cavities density in the

roughness (nm) (cm~2) SiC Iayer (cm~2)

(nm)
SampleA

3C-SiC(um) 3.0 2.80 2.67 70 250 l06 5. I09

SOLIBOX(nrn) 2051200 208/1 98 1851176
SOLIBOXratio 1.02 l.05 l .05

SampleB
3C-SiC(um) 3.0 2.95 2.675 57 lOO 2. I05 6. I09

SOLIBOX(nm) 75/50 68/4 8 67.8/47.9

SOLIBOXratio 1.5 1.4 l l .4 l
SampleC

3C-SiC (um) 3.0 3.24 2.690 ~;O 250 6. I05 109

SOLIBOX(nm) 85/18 78116 60.0/1 7. 1
SOLIBOXratio 4.72 4.87 3.5

The cavity density calculated from the TEMobservations (about I05 cm~2) is several
orders of magnitude higher than the defect density in the SOIbefore heteroepitaxy. So, these
holes cannot be related to the defect density ofthe SOI sarnples. Themechanismof formation
of the cavities should be related to the high temperatures involved in the growih. Thecooling
stage mayalso be critical as the 3umthick SiC changethe rigidity of the stucture above the

BOXso that the thermal mismatch changes. As Si02 is quite mobile at the deposition
temperature, any strain imposedto the whole SOIstructure can affect preferentially the BOX.
Onecan also think to the following reaction occurring at the Si/Si02 interfaces : Si02(s) + Si(*)

= 2SiO(g). This reaction releases gas which can explain the ball like shape of the cavities.

However, figure I showsthat the quantity of oxide consumedto form a cavity is lower than
the quantity of consumedSi. Webelieve that silicon out-diffusion at the SiC/Si interface is

also probably occurring as this phenomenonis very difficult to avoid completely at the early

stage of growih.

Fromtable I, one can see that the thinning of the SOLand/or BOXdoes not affect
strongly the structural properties ofthe SICOI structure. However, the interface roughness, as
calculated from IR spectra fitting, seemsto decrease whenthe BOXgets thinner and/or when
the SOLIBOXratio increases. This roughness is not due to any inhomogeneity of the starting

material as confirmed by TEMobservations over several millimeters.

AFM,photolominescence and electrical characterizations are under progress in order
to have a deeper evaluation of the benefit given by the use of this new generation of
UNIBONDsamples.

[l] J. Camassel, J. Vac. Science and Technol. Vol. 16, (1998) 1648.
[2] V. Papaioannou, E. Pavlidou, J. Stoemenos,W. Reichert and E. Obermeier, Materials Science ForumVols.

264-268 (1 998) 445.
[3] G. Ferro, N. Planes, V. Papaiannou, D. Chaussende,Y. Monteil, Y. Stoemenosand J. Camassel,Mater. Sci.

Eng. B61-62 (1 999) 586.
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SiC/Si structures have been successfully used to fabricate microelectromechnical system

(MEMS)such as microsensors and microactuators working at the temperatures above 200 ~C

and potentials above several tens of voltages [1,2]. However, crystal defects formed at the

interface of the 3C-SiC/Si structures significantly influenced the crystal quality of the over-grown
3C-SiC films. Several research groups have discussed the wayto improve the SiC/Si interface

and the mechanismof void formation in the growth of SiC films on Si up to recently. However,

most of the mechanismshave not clearly explained howthe void formation initiates in the SiC
growth. Therefore, the mechanismof void formation is still open to debate.

In this work, wemeasuredthe shape of voids formed during the growth of SiC film on
different orientations of Si substrates and studied the origin of the voids. SiC films were grown
on both p-Si(100) and (1 11) wafers using a single source tetramethysilane (Si(CH3)4, TMS)in a
homemadeRF-inductive chemical vapor deposition (CVD) system [3]• XRDmeasurements
showedthat the orientation of the grown SiC films followed that of the employedSi substrate.

The cross-sectional SEMimages (Fig. 1) shows that, in the silicon side of SiC/Si interface,

reverse-triangle shaped voids were observed for the growth of SiC(100) on Si(100), whereas
trapezoid shapedvoids for the growth of SiC(1 11) on Si(111). Figure 2showsSEMimages for

the initially etched Si(100) and Si(111) surfaces
.

The etched Si(100) uniformly produces

rectangular shaped etch pits cross the wafer surface, whereas triangle shaped etch pits evenly

appear from the etched Si(111) surface. This indicates that the shape of voids is mostly

determined at the initial stage of the growth of SiC depending on the surface orientation of the Si

substrate
.

In conclusion, the mechanistic study revealed that the voids seems to be the oxygen-
relative defects inherently existing in bulk Si wafers. The shape of the voids wasdetermined by
that of etch pit initially formed during the hydrogen etching process, which depends on the

orientation of the silicon substrate. The mechanismof the void formation in the growth of SiC
orientation of the silicon substrate.
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Figure I .
Cross-sectional SEMphotographs for (a) SiC(100)/Si(lOO) and (b)

structures. The growth was carried out for 60 min at 1250~C and 50 torr

1.0/1 OOOsccm.

SiC(1 11)/Si(1 11)

with TMS/H2=

(a) (b)

Figure 2. SEMplane views for Si surfaces after removing SiC films from SiC/Si structure.
(100) and (b) Si (1 11).

(a) Si

(a) (b)

Figure 3. SEMplane views for the surfaces of (a) Si(lOO) and (b) Si(1 1l) etched with IOOOsccm
H2for 5min at 1100~)

.

- 383-



Technical Digest oflnt'l Conf on SiCandRelated Materials ~rCSCRM2001-,Tsukuba, Japan, 200l WeP-14

Evaluation of Carbonized Layers for 3C-SiC/Si Epitaxial Growth
by Ellipsometry

HLSJainaizu
,

T. Ohbaand K. Hisada
Aichi University of Education
Departmentof TechnologyEducation

1Hirosawa. Igaya-cho, Kariya, Aichi 448-8542, Japan
Tel. &Fax. : +81-566-26-2485, e-mail : nksimizu@auecc.aichi-edu.ac.jp

Heteroepitaxial growih of 3C-SiC on Si substrate has been a promising methodfor obtaining

large area 3C-SiC. Success in carbonization process has been important for continuous

growing process. The reproducible carbonized layers were obtain, by holding the temperature
of the Si substrate at the range of hydrogen desorption temperature, prior to carbonization
[l]. In this work, to reproducibly obtain the single-crystalline 3C-SiC on (lOO)Si,

carbonization process has beenpaid careful attention and carbonized layers were investigated

by Ellipsometry. Theheating-up of the Si substrate wasexaminedin three different waysas

shownin Fig, I and experimental procedures were showedin detail in previous work [IJ.
The

substrate temperature at 600 'C in Type 11 and Type 111 were held for 5min and 15min
respectively. The reproducible carbonized layers were obtained by using Type 11 and Type
III

,
while were not obtain by using Type I as showedin previous work [1]. Fig. 2 shows

changes in measuredA and q, values by the ellipsometer and results of REDpatterns of
carbonized layers by using Type 11 and Type 111. Prior to carbonization, Si surfaces are
covered with amorphouscarbon films at 600 'C and the carbonized layers are crystallized by
out-difiilsion of Si atoms at the carbonization temperature of 1000 'C and Si surfaces are
covered by single-crystalline 3C-SiC carbonized layers. WhenSi surfaces are covered by
single-crystalline 3C-SiC carbonized layer, Graphite layers are formed on 3C-SiC carbonized
layer because of sealed up out-difiilsion of Si atoms. In comparison betweenType 11 and
Type 111, Si surfaces are completely sealed up out-difiilsion of Si with single-crystalline 3C-
SiC carbonized layer by using Type 111. It is impossible to evaluate the carbonized layers by
simple one-layer model of Ellipsometry, so multi-layers model of Ellipsometry wasadopted

to the carbonized layers by using Type 11 and Type 111. Simulation of the carbonization

layers by using interface layer betweeneach layers agreed with changesof experimental data

as a function of carbonization time as shownin Fig. 3. Fromthese results, It is possible to

suggest the modelofthe carbonization by using Type11 and Type111 as shownin Fig. 4.

[1] H. shimizu and T. Ohba
,

Material Science Forum, Vols. 338-342 (2000) pp. 262-2d64

T=y=,p=e I carbomzatron temp. TYPen, 111 carbonization temp
=~i

~~*=: ::i~$=.**;= 600~C

~~~

time time

Fig. I Temperatureprogramfor carbonization process. Substrate temperature of TypenandTypemis

held at 600~Cfor 5min and 15min respectively prior to heating up to carbonization temperature.
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A novel carbonization process for 3C-SiC heteroepitaxial growih on Si (100) using
subplantation of low-energy mass-separated carbon ion beamsis proposed. SiC is an
unportant candidate of the semiconductor materials for achieving the production of high
temperature electronics, power devices, etc.

• In particular, the heteroepitaxial growih of
3C-SiC on Si substrates is a key technology for those electronic devices. It has been
reported that a so-called carbonization process forms a SiC buffer layer which is required
for the successful heteroepitaxial growth of 3C-SiC on Si. However, conventional
methodssuch as MBE.CVD,etc, have required high temperatures ranging 700- IOOO'C for
achieving carbonization reaction. Those high temperatures cause serious problems of
defects such as dislocations and stacking faults at the heterointerface. In this study, a
carbonization process at lower temperatures has been tried using low-energy carbon ion
beamsfor solving these problems.

Sl (lOO) surfaces were directly irradiated by mass-separated low-energy (20-700 eV)
carbon ion beams(e.g., C-, C2-, C', CH3' ions). Suchenergetic ion bcamsare implanted
into a subsuface (subplanted) ofthe Si substrate, unlike thermal species used for MBEand
Cvo methods. The substrate temperatures were varied in the range 440-700 'C
RHEEDmeasurementswereperformed during ion irradiation for in-situ characterization of
the carbonization process. Thebase pressure of the deposition chamberwas-10-8 Paand
the beam-on-target pressure was1-4 x IO~; Pa.

Carbonization reaction wasachieved at substrate temperatures of 500-700 'C with all kinds
of carbon ions e.g.; C-, C2-, C'. CH3' ions. There wasalmost no significant difference in

the diffraction patterns betweenC-, C2- and C+ ion-beam carbonization. All the RHEED
images after irradiation of these carbon ions consisted of spoty patterns indicating 3D-
island growth of a 3C-SiC. Onthe other hand, the difi~iaction imageafier CH3' inadiation

exhibited streak pattems, suggesting a smooth surface and better crystallinity relative to
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irradiation by other species.

Thecarbonization temperatures of 500-700 'C using ion-beams are relatively low compared

to conventional methods. While the process with thermal gas species with less than I eV
is basically thermal equilibrium or nearly-equilibrium reaction, carbon ion beamsas

energetic species with several to hundreds of electron volts employed in this study allow

non-equilibrium reactions. The difference of reaction mechanismsbetween these has

probably affected the carbonization temperature.
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GROWTHANDCHARACTERIZATIONOFSiC NANOROD
STRUCTURESCONTAININGSi NANOCRYSTALS
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Friedrich-Schiller-Universitat Jena, *Institut f~r Festkdrperphysik, Max-Wien-Platz I,
** Institut

fiir Physikalische Chemie, Lessingstrasse lO, 07743Jena, Germany

The rapid developments taking place in the preparation and application of nonostructures is one
of the most exciting areas of material science and technology. Since the discovery of carbon

nanotubes, nanoscale materials have received widespread interest and nanorods of various

materials have been synthesized so far. Nanorod structures, for example, have becomean
important material because of its excellent mechanical properties. Furthermore, devices made
using nanorods can be critical for nanoelectronics. Moreover, the electron field emission

properties of carbon nanotubes are of special interest for their potential application in flat panel

displays. SiC nanorods were found also to be a promising material for applications in field

emission technology. The electron field emission characteristics are similar to that one of carbon

nanotubes. However, it is still difficult to control the rod size and orientation.

In this work wepresent results of the growih and the characterization of SiC nanorod

structures. Thenanorodswere prepared on a SiC/Si(1 1l) heterostructure under ultra high vacuum
conditions at low temperatures of 1000 K using elemental silicon and carbon. Si and Cwere
evaporated by meansof electron-beam guns. The single-crystalline SiC of somenanometers
thickness wasgrownbefore on Si(1 11) by molecular beamepitaxy.

The obtained SiC nanorod structures are hornogeneousin the diameter and the length of

the rods across the thickness of the structure (Figure). The diameter of the nanorods is in the

range of 5- 10 nm, the smallest values knownso far. Therods consist of a high-density of stacking

faults like a "one-dimensionally disordered" SiC polyiype. This is supported by Ramanscattering

experiments, where the intensities of the SiC related phononlines were very low and at different

positions, depending on the structure. Furthermore, there is a strong alignment of the rods.

However, the rods are tilted with respect to the [1 1I] surface normal of the SiC Iayer by about

15', which is about the [3 1I] direction.

Between the rods, the material is amorphous and contains a high amount of Si

nanocrystals, which is depending on the excess of Si in the Si/C ratio. The size of the Si

nanocrystals was in the range of I nm. In Ramanscattering experiments, the Si line wasfound to

be broad and shifted to smaller wavenumberswith respect to the Si bulk line. Moreover, a strong

optical absorption in the nanorod structure occured in dependence on the structure. Si

nanocrystals with sizes smaller than I .5 nmshould demonstrate quantumconfinement effects,

what increases the oscillator strength significantly. The obtained structures, therefore, also allow

the investigation of the optical properties of Si nanocrystals embeddedin an oxygen-free, high

dielectric matrix.
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High-resolution TEMimageof a SiC nanorod structure grownon SiC/Si(1 11)
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RHEED:A tool for structural investigations of thin polytypic SiC Iayers
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Oneof the exceptional challenges of SiC is the possibility of the formation of heteropolyiypic

structures for heterojunction basedadvancedsemiconductor devices. For the experimental realization

of such devices. the developmentof methodsfor the controlled formation of different polyiypes,
polytypic multilayers and their interfaces is necessary. In the last decadesubstantial progress was
achieved in this field [I,2]. Themostpromising technique is molecular beamepitaxy (MBE)offering

exceptional possibilities for controlling andadjusting growih conditions [2], but extendedpost- growth
characterization is necessary in order to identify the appropriate growih conditions, Ieading to desired
surface morphologyandpolytype structures [3]

•

Nevertheless the MBEtechnique offers the possibility

to study the structure of the growing polyiype layer in situ in real time by applying reflection high

energy electron diffraction (RHEED).Upto knowonly, relatively few papers havedealt with such
investigations. Mostof themutilized the analysis of the three dimensional electron diffraction pattern
for polytype analysis. In the case of two dimensional diffraction, becauseof the difficulty in the exact
determination of the streak modulations and in the interpretation of them, no data is available. In this

work it will be shownthat even in the case of two dimensional diffraction it is possible to distinguish

betweendifferent polytypes and surface polarities.

For this reason wedetennined the inner potential of the silicon carbide by analysing the geometryof
the horizontal Kikuchi lines for our diffraction condition. Avalue of 15.4 Vwasobtained. Thevalue

RHEEDpattern simulation wasperformed by using the semi-kinematical approximation described in

L4]
.
Thesimulation wascanied out for the 3C, 4Hand6Hpolytypes andsilicon andcarbon faces and

angels of incidence between0.5 and4'. Theresults obtained allows the conclusion that the polytypes

can be distinguished in the case oftwo dimensional diffraction ifthe penetration depth of the electron

beamis not smaller than the characteristic period ofthe polytype, i.e. ifthe specific features ofthe
polyiypes can be detected by the electron beam.Todistinguish different polarities of the growing
surface the penetration depth has to be smaller than seven layers. Thebest sensitivity to the different

polarities can be obtained if the penetration depth does not exceedthree double layers. Fromthe
canied out simulations ofthe two dimensionai diffraction features it follows that the optimal angel of
incidence for RHEEDdiffraction analysis of different polytypes andpolarities is in the range of I to
2.5'.

[1]

[2]

[3 J
[41

J. Pezoldt, A.A. Kalnin, W.D. Savelyev, Nucl. Instr. Meth. Phys. Res. B65 (1992) 361
.

A. Fissel, U. Kaiser, B. Schr6ter, J. KrauBlich, H. Hobert, W.Richter, Mater. Sci. Forum
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B. Schroter, M. Kreuzberger. A. Fisssel, K. Pfeuninghaus, W.Richter, Mater. Sci. Forum,
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Springer, 1999.
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MOLECULARADSORPTIONOFOXYGENONSiC SURFACES
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The initial steps of the oxidation of Si surfaces have beenextensively studies andmost of the

oxygenmolecules absorb dissociatively on Si. However, at small oxygenexposures and low
substrate temperatures a metastable molecular 02 species has been observed [1,2,3]. Since
the initial steps of oxidation of SiC are also of great interest and importance wehave studied
if a similar metastable molecular precursor for the dissociative adsorption of oxygendo form

on SiC surfaces.

TheOIs photoemission spectrum recorded from a ~3x~3R300reconstructed 4H-SiC(OOOl)
surface after an oxygen exposure of 0.3 L (1 Langmuir =

10~6 torr sec.) is shownin Fig. I .

The substrate was cooled to liquid nitrogen temperature during both exposure and
measurementsand the spectrum was collected using a photon energy of 600 eV. The
spectrum is seen to contain several components and included in the figure is a peak
decomposition. Four components, Iabeled I to 4, are clearly distinguished similarly as on the

Si(1 11)surface [3]• Components3and 4are interpreted to originate from molecular 02 and
componentsI and 2 from atomic oxygen. The relative intensities of these componentsdid

vary with the amountof oxygenadsorbed on the surface.

Also with the substrate at roomtemperature somemolecular 02 Wasfound to adsorb while no
trace of molecular 02 was discernable after adsorption with the substrate at an elevated

temperature of 8000 C. This is illustrated in Fig. 2where the OIs spectrum recorded after

1Lexposure is shownfor the three different cases, LN, RTand 8000 C.

Studies were carried out on both Si- and C-terminated 4H-SiC (OOO1)crystals and differences

between the two surfaces were observed. The time evolution of the O Is spectrum was
monitored since the state was assumedto be metastable. Our findings, showing that a
molecular state precedes the dissociated (atomic) stable adsorption states on SiC surfaces,

will be presented and discussed.
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Fig.1. OIs spectrum (dots) recorded using a photon energy of 600 eV after 0.3 Lof oxygen
exposure. The solid curve through the data points showthe result of the curve fit and the

curves underneath showthe componentsused. Seetext for details.
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Fig.2. OIs spectra recorded after I Lof oxygenexposure at different substrate temperatures,
LN, RT, and 8000C.
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Cubic silicon carbide is of considerable interest for semiconductor electronics having,

in particular, the highest charge carrier mobility of all SiC polyiypes; besides, it is also known
that P-SiC is sometimesfound in the form of inclusions in epitaxial films of wider bandgap
polyiypes of cr-SiC. Therefore, studies of p-SiC and identification of the effects causedby the

presence of p-SiC in oe-SiC are of unquestionable interest. Progress in the sublimation epitaxy

in vacuum (SEV) technology enabled fabrication of n-3C-SiC/n-6H-SiC epitaxial

heterostructures with goodquality of the 3C-SiC epilayer [IJ.

The aim of the present study was to obtain 3C-SiC pn structures by SEVand study
their properties. The investigated pn structures were grownby SEVon 6H-SiC (OOO1)Lely
substrates. X-ray topography showedthat the preliminarily grownn-type epilayer contains a
large region of 3C-SiC, which is double-position (DP) twin. The area of the n-3C-SiC Iayer

was about 25 mm2The pn junction was formed by SEVgrowih of a p+ (Al)-layer. X-ray
topographs confirmed that a p+_3Cregion with DPtwins of different sizes is formed on the n-

type epilayer
. Anohmic contact to the p-type region wasformed by deposition of Al and Ti

and annealing at 1100~C. Mesastructures of area 3xl0~3 cm2, 10~ cm2 and 8xl0~5 cm2were
fabricated by reactive ion-plasma etching (to a depth of about 3um)with an Al mask.

The diode cross sections were
studied by the methods of

1,0 electron beaminduced current

,,,
(EBIC) and secondary electrons

(SE) in a JSM-50Ascanning
0,6 electron microscope. Figure l

shows the coordinate
0,4 dependencies of SEand EBIC
o,2

Signals obtained in scanning of
the cross-sectional surface of

D,o diodes. The SE curve shows
' 2 ' ' " Io ,'

three jumps of the SE signal.x, um
The portion with the largest

Fig. I .
Secondaryelectrons (curve 1) and electron jump corresponds to the pn

beaminduced current (curve 2) signals for diode. junction in 3C-SiC, which is

also well manifested in the EBICmode. The other two portions correspond to isotype n-3C
SiC/n-6H SiC junctions and the n-6H SiC/substrate. Thus, in the initial stages of epitaxial

growih on the 6HSiC substrate, a buffer n-6H SiC Iayer of thickness -1.5 umwas formed.
Then, there occurred polyiype transformation and growih of an n-3C-SiC epilayer (4.5 um
thick). The pronouncedjump of the secondary electron signal at the interface of the 3C-6H
SiC isotype heterojunctions indicates a substantial potential jump at the interface betweentwo
semiconductors. Anestimate of the hole diffusion length in the n-3C SiC Iayer, madeon the

basis of EBICdata, gave a value of -1.5 um. So a noticeable fraction of holes injected from
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p-3C SiC can diffuse through the n-3C SiC Iayer to reach the interface with the buffer 6H-SiC
layer.

The capacitance-voltage (C-V) characteristics of the diode were linear in the C~2
- V

coordinates, which meansthat the obtained pn junction was abrupt. The capacitance cutoff

voltage (U*) was2.05 :!: 0.05 Vfor diodes, i.e. close to Eg for 3C-SiC (2.39 eV). It wasshown,
that at low current densities the dependenceof the current on voltage is exponential : J = Jo

exp(qV/nkT) with the ideality factor n=2.5-2.6 (Fig.2.a). TheJ-V characteristics of the diodes

were fairly close to those of anisotype homojunctions basedon bulk 3C-SiC [2].
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Fig.2. Experimental (curves I;different symbols refer to different diodes) and
calculated (curve 2; for 3C-SiCpn homojunction [2]) current-voltage characteristics at

forward bias and roomtemperature (a); inj ection electroluminescence spectra for two
diodes: of area 3xl0~3 cm2(curve I; current 150mA)and 8xl 0~5 cm2(curve 2; current

1OOmA)(b).

Injection electroluminescence spectra (IEL) for diodes are presented in Fig.2.b. The
emission bandshv^^ -- I .8-2.0 eV (red), hv~ax ~~ 2.3 eV (green) and hv~^ -- 2.9 eV (violet)

are dominant; both the absolute and relative intensities of the emission bands at hv~** ~~ 2.9

eVand hv~~~ 2.3 eVgrow with increasing current and the diode temperature. The spectral

position of the ELbands at hv~ax ~~ 2.9 eV and hv~^ -- 2.3 eV, closeness of energies to the

band gaps of 6H- and 3C-SiC, their narrow half-widths (compared, in particular, with the

half-width of the so-called "defect" Iine (green in 6HSiC), and the characteristic change in

their intensity with increasing current and stronger heating makeit possible to relate these two
ELbands to free exciton annihilation in 6H- and 3C-SiC. The red emission band appears to

comefrom 3C-SiCand is believed to be due to transitions involving Al.

Thecharacteristics of the structures under study correspond to those of homojunctions
basedon 3C-SiC. Theemission band in the IEL spectrum of this kind of diodes, arising from
recombination of free exciton in 6HSiC, is probably related to hole diffusion from p+ 3C
through the 3CSiC Iayer to the interface with the buffer 6HIayer. The fact that this emission

comesfrom within the base region, and not from the metallurgical boundary of the pn
junction, is clearly seenon an edgecross-section ofthe sanrple under an optical microscope.

This workwassupported by the RFBR(grant NO0-02-16688andOl -02-1 7657).
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Ramanspectra provide information on the structure of crystals. Onecan analyze defects

from the difference of the Ramanspectra for perfect and imperfect crystals. So far, wehave

developed a technique for sensitive detection of defects in 6H,4H[l] and 3CSiC. This

technique is basedon the measurementat Ramanforbidden geometry andhas beenapplied to

the characterization of defects in bulk crystals and epitaxial layers of SiC. Electrical properties

such as carrier concentration and mobility can also beenanalyzed by Ramanspectroscopy [2]

In this workwehave developed a methodto detect low density of defects andanalyze

the local structure of the defects from bandshapeof the TOphononbands. Wealso

examinedaffect of defects on the distribution of the carrier concentration from Ramanimage

measurementsof the LOphononplasmoncoupled modein dopedSiC wafers.

In perfect crystals the wavevector selection rule andpolarization selection rule hold
strictly during the Ramanscattering process. Theseselection rules break downpartially

whenthere are defects, becausethe periodicity and symmetryof the crystals are destroyed.

Thedefect-induced Ramanscattering signals are usually weakandburied in a strong

background, which can be avoided by choosing a suitable scattering geometry. Wefound
that the observation at the Ramanforbidden scattering geometry is efficient for detecting the

defect induced-Ramanbands. For SiC the TOand folded TOmodesare sensitive to the

defects as comparedwith LOphononmodes. Weused unfolded TOmodedesignated as

FTO(O)at 796 cm~1as a monitor band for the defects in 6H- and4H-SiC, which is Raman
forbidden at the back scattering geometry using the (OOO1)face [1]. TheTOband in 3C-SiC
is forbidden at the back scattering geometry using the (OO1) face.

Wehave measuredRamanimagesof the (1 OO)cross section of homoepitaxial SiC films.

Anepitaxial film (lOO um)wasmadeon a heteroepitaxially grownSiC of IOOumthick, for

which the growih surface wasoriginally the interface ofthe SiC and Si. Therefore, it is
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anticipated that defects are concentrated in the central region of the film. In Fig.1, the

intensity andhalf width of the forbidden TObandare plotted as a function of the distance.

The intensity and the width of the TObandare large at around the central region. TheTO
band is broad comparedwith that observed using the (1 10 )face, and is asymmetric. It has a
tail on the low frequency side at the central region as shownin this figure. Theseresults

showthat the defect density is high at the central region which wasoriginally the SiC-Si

interface. Theasymmetryandbroadening ofthe TOband is indicative ofthe presence ofthe

stacking faults [3,4] and other defects such as antiphase boundaries and dislocations.
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Figure I (a) optical microscope imageof the (100) cross section of the homoepitaxial film
,

(b) Ramanspectra of the TOband, and (c) the intensity andhalf width of the forbidden TO
bandvs distance.

TheRamanimagesof the LOphononplasmoncoupled modeare also measuredin

doped4H- and6H-SiCwafers. Thereduction ofthe free carrier concentration is found

around somemicropipes as reported before[ 5]. Changein the carrier concentration is also

observed at defective portions which might be associated with threading dislocations
,
and for

planar defects.
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Solid solutions based on SiC makeit possible to enlarge the range of application of
optoelectronics devices. Specifically, LED's and injection lasers are very promising, since they

can inherit, on the onehand, the unique properties of silicon carbide and, on the other, they can
acquire properties which are characteristic of the secondcomponentof the solid solution.

(SiC)1-*(AlN)* and Sil-*Nb*C solid solutions have been received by sublimation in Ar +
N2atmosphereon n-type 6H-SiCsubstrates. Thecomposition of epitaxial layer (EL) has been
set with source of vapor, and the type of electrical conductance - with regulation of Ar and N2
partial pressure in the growth zone.

The spectra photo- (PL) and cathodoluminescence (CL) (SiC)1-'(AlN). and Sil-'Nb.C
solid solutions was investigated. The samples with such composition layers (SiC)1-'(AlN).
(x>0,55) are used for which the light of N2-

Iaser (hv=3,68 eV) Iies in the transparency area
(Eg>4,8 eV) and that is whyso cannot effectively excite their emission. The CLspectra were
measuredat liquid - nitrogen temperatures and exitation energy of 15 kV.

It is observed that at liquid - nitrogen temperature two bandswith ~= 520nm(hv*.. -2,4
eV) and ~= 480 nm(hv - 2,6 eV), which due to recombination on defects and donors -~"*
acceptor pairs are observed in (SiC)1=*(AlN)* solid solutions spectra. As the AlN concentration
in (SiC)1-'(AlN)^ solid solutions increases the bands shift continuously into the short -
wavelength regron and an ultravrolet "tail" wrth ~ 390nm(hv*.^ - 3,2 eV) appears. The last

peak indicates the solid solution formation in system SiC-AlN and a change in the structure of
the bandgap. Thecolor of the emission changesfrom yellowish - green to pale blue.

PL intensity decreases with the x growth in (SiC)1-'(AlN). solid solutions, though the
mainbandsand distances betweenthemare practically preserved. Onone hand, it is connected
with increase of share of centers of nonradiative recombination, as far as at x>0,40 decreases the
structural perfection of (SiC)1-'(AlN). solid solutions and presence of defects of layers grow.
Onthe other hand, presence Al andN2reduces the efficiency of DL. And, at last, the changeof
intensity, perhaps, is stipulated by increase of probability of interbanded transitions, as far as at

x -- 0,75 the reorganization of structure of solid solution to direct gap happens.
TheCLspectra of Sil-'Nb.C solid solutions was investigated. It is differ already at x =

0,01 - 0,02 and the color of the emission changesto red - purple one. Oneintense bandwith )~
-

500nmis observed in Sil-'Nb.C solid solutions CLspectra. Theultraviolet "tail" in the spectra
disappears even at small x that indicates on changeof nature of radiative centers.
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Silicon Carbide (SiC) is apromising material for high power, high frequency andhigh temperature

electronic devices. SiC has manypolytypes. Amongthem, 4H-SiC has wider band-gap and higher

bulk electron mobility than 6H-SiC. 4H-SiC MOSFETS,however, show lower inversion channel

mobility than that of 6H-SiC[IJ.
Manyresearchers have studied the effect of MOSprocess conditions

on the chumelmobility of 4H-SiCMOSFETS[24]
.
However, few investigations on the influence of

the crystal quality of epitaxai layers on the chaunel mobility have beenreported. In the present study,

we have fabricated MOSFETSon epitaxiai layers of different growth lot, and investigated the

relationship betweenthe inversion channel mobility andcrystalline qualities of epitaxial layer

As shown in Table I, we have used three different p-type 4H-SiC epitaxial layers grown on
conventional off-angled p-type (OOOI) Si face substrate for fabricating MOSFETS.Epi A was
purchased. Epi BandEpi Cwereself-made that weregrownby low-pressure, hot wall type, horizontal

CVDreactor with SiH4- C3H8- H2- TMAsystem. Thegrowth conditions werealso summarizedin

Table I .
The crystal quality of epilayers wascharacterized by Hall effect measurement,AFM,x-ray

diffraction andphotoluminescence measurement.TheMOSFETSWerefabricated on these epilayers by
the sameprocess. Thegate oxidation wasformed at 1200~Cfor 140 min followed by post~)xidation

annealing at the oxidation temperature for 30 min in Ar. Thedeataies of MOSFETSfabricatimg were
described elsewhere [5].

Table 2showsthe channel mobility Table I .

Characteristics andgrowth conditions of epilayers

(uFE) and the threshold voltage (VT) of E iA E iB E iCSamle

MOSFETS.The value of the channel Na~Nd(cm~) 5x 10 1x 10 3x 10
mobility obtained from MOSFETSon Thickness ( ) 5 5 5
Epi Aand Epi B is the sameas that of o ~iiii~~~~~~~'~~"==~~i;i;;;~=;;~='Ts (C) ~;~ii;~{;'='~~~~i;';

~~~'>;='~~-==,~~.
,_

.."'•/'~j'. 1600 1500
previous report [6] Onthe other hand i~~==i~~=~==ii~=~~~ii~~. ...~~":j.*

. , P(mbar) ji.~=,~./':i,=;~~;~;~~~;'~~~~~~~~

~"*.
250 250

the channel mobillty of Epi Cis about H2flow rate (slm) ~=:;,*~~~~~;~~=*~~',~~'i,i~=;~,=',=•==~"'~,~~~~*',='~.::~; 40 40
three times higher than that of another SiH4 flow rate (sccm) ~~~~~~~~~;~:=~!",~~~=~:•~/;~",~=~~~~~~~~ 6.67 3.3

epilayers
.

The fabrication process of C3H8flow rate (sccm) ~~~~~~~~~~,',"~;~~i',:,='=~~~~~(~~~~~

_

==,=====*=======*==================*=" 3.33 0.88

these MOSFETSWasthe sarne as the

process in this investigation. Therefore, Table 2. Values of chumelmobility and threshold voltage

the higher channel mobility in Epi Cis Samle EpiA E iB E iC
probably caused by the difference in uFE(cm2/Vs) 6 5.4 14. 1
the crystal quality of epitaxal layers. VT(V) 3.9 3.8 1.9

Then, we investigated the crystal
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quality of epilayers. Theresults are summarized
in Table 3. Thebuik mobility (uH) of Epi Cwas
slightly lower than that of Epi A and Epi B,
although the channel mobility of Epi Cis higher

than that of Epi A and Epi B.
The surface

roughness (Rms) of Epi C is slightly smaller

Table 3.

Crystal pararneters of epilayers

Samle

uH(cm2Ns)

RMSat 16 2(nm)

FWHMofXRD(arcsec)

E iA
99

1.2

68.8

E iB
95

0.82

142.9

E iC
91

0.7 1
73.2

than that of Epi Aand Epi B. TheFWHMof x-ray rocking curve of co scan in three epilayers was
roughly the same.Asseenabove, wecould not find clear correlation betweenthe channel mobility and

uH, RmsandFWHM.
Photoluminescencemeasurementswere also calriod out at liquid helium temperature. The244nm

line of Ar~ ion laser wasused as the excitation source. Zero phononluminescence line of the neutral

aluminumacceptor andphononspectra of the neutral nitrogen donor boundexitons were observed in

both epilayer as shownin Figure I .
Thebroad

peak due to Aluminum related

donor-acceptor (D-A) pair peak was also

observed around 420 nm. In this figure, the

intensity of spectra wasnormalized by that of

D-Apair peak due to comparison of the PL
intensity. The intensity of near band-gap
emission with Epi C is quite strong as

comparedwith that of Epi AandEpi Bas can
be seen from Figure I .

This indicates that the

crystalline quality of Epi Cis better than Epi

Aand Epi B. In conclusion, it is found that

the channel mobility has a conelation to

crystailine quality observed at the intensity of
the near band-gap emission. The channel

s:
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i
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Figure I Photoluminescence spectra of epilayers.

Nearbang-gapemission of epilayer is shownin the

inset
.

mobility becomeshigher whenthe intensity of near band-gapemission is strong.
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ABSTRACT
Silicon Carbide is a very interesting semiconductor material for high temperature, high
frequency and high powerapplications. Themain reasons are its high saturation velocity,

large thermal conductivity, high Schottky barriers and large breakdownvoltages.

High quality 4H-SiCand6H-SiCpolytype substrates and expitaxial layers are
commercially available today. 3C-SiChas beengrownsuccessfully in the form of films

on Si(100). There are several theoretical studies on the charge transport in 3C-SiC.
However,wepresent the first full bandMCsimulation of the electron transport at high
electric fields. The full bandMonteCarlo model is basedon an ab initio bandstructure
calculation using the Local Density Approximation (LDA) to the Density Functional
Theory (DFT). Thefollowing scattering processes havebeenconsidered, acoustic phonon
scattering, polar andnon-polar optical phononscattering, ionized impurity scattering as
well as impact ionization. Fully k-dependent scattering rates for the phononinteractions

and the transition rate for the impact ionization process have beendirectly extracted using
the wavefunctions and the energy dispersion of the ab initio bandstructure. Coupling
constants for the acoustic and the non-polar optical processes havebeendeducedfrom
experimental data for the mobility as a function of temperature.
In Fig. I ,

the simulated mobility as a function of temperature has beencomparedwith
experimental data by Yamanakaet al. [l]. Thesimulations are in very goodagreement
with the measurements.Thesaturation velocity in 4H-SiCand6H-SiChas been
measuredto be close to 2.0 x l07 cm/s for an electric field applied perpendicular to the c-
axis. There is no experimental data available for 3C-SiC. However,our simulations
indicates that the value should be close to 2.2 x l07 cm/s which is in goodagreementwith
results from the analytical MonteCarlo modelusedby Mickevicius et al. [2] (see Fig. 2.)

and the measuredvalues for 4H- and6H-SiC. Theeffective massin 3C-SiC is smaller for

electrons than for holes and the impact ionization coefficients for electrons are expected
to be higher than for holes. In Fig. 3. wepresent our simulation results together with the
full bandMCresults by Bellotti et al. [3] for holes. Theelectron initiated impact
ionization process is found to be muchstronger than for holes, from 2to 10 times

stronger dependingon the strength of the electric field.

Refere nces
[l] M. Yamanakaet al. J. Appl. Phys. 61 (2), p.599 (1987)
[2] RimvydasMickevicius et al. J. Appl. Phys. 83 (6), p.3161 (1998)
[3] Enrico Bellotti et al. J. Appl. Phys. 85 (6),p.3211 (1999)
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Analysis of the surface damagecausedby mechanical polishing of SiC wafers

J. Q. Liu, E. K. Sanchez, andM. Skowronski
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Pittsburgh, PA, 15213, USA,1-412-268-2710, 1-412-268-7596 (Fax), mareks@cmu.edu

Dislocation free Lely platelets have beenmechanically polished and used as seeds for the

Physical VaporTransport growih of6H-SiC polytype. Thetype, density, and distribution

of threading dislocations in the SiC overgrowih close to the interface has been analyzed

by transmission electron microscopy (TEM) and interpreted in terms of the polishing-

induced damagein the seed crystal.

Several characteristic features of dislocation distribution have been observed. Most of

the threading dislocations present in the overgrowih are perfect edge dislocations

propagating along [OOOl] direction with Burgers vector of l/3 1-20>. Thedislocations

are arranged in form of cells typically between0.2 - 0.5 umin diameter with the nearly

defect free central portion of the cell and high dislocation density along the cell walls.

Walls are preferentially aligned along directions with the average distance

between neighboring dislocation of 0.05 um. Such cell structure is consistent with a

layer of a seed crystal distorted during polishing and rotated around the c-axis (and

parallel to the basal plane) by approximately I degree. For this mechanism,the total

Burgers vector for all dislocations in a single cell should be zero. An experimental

evidence for this will be presented.

Fig. I Transmission electron microscopy image of a polishing-induced cell of threading

edgedislocations.
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Thedensity of screw dislocations is approximately I05 cm~2in the overgrowth and more
than an order of magnitude lower than edge dislocation density. Threading screw

dislocations are distributed in pairs with the average distance betweennearest neighbors

of about 0.3 um. The Burgers vectors of screws in a pair dislocations are equal Ic and

have opposite sign. Amodel for the polishing-induced deformation responsible for such

configuration will be presented.

Fig. 2Transmission electron microscopy imageof a pair ofthreading screw dislocations
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Gallium Nitride Metal-Insulator-Semiconductor Capacitors

Low-Pressure Chemical Vapor Deposited Oxides
Using
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e-mail: matock@rpi.edu, 518-276-2849, Fax 518-276-8761

Center for Integrated Electronics and Electronics Manufacturing
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Metal-Insulator-Semiconductor FETt,- (MIS-
FETs) require low interface-state density in-

terfaces in order to achieve gate-controlled de-

vices. Also, interfaces play a key role in the

DC, AC, and transient behavior of semiconduc-
tor devices, by providing locations for charge
trapping andemission. Chargetrapping at GaN-
passivation interfaces can cause drain pinch-off,

delayed turn-off transients, and reduced break-

downvoltage. For the fabrication of G~L)~~ MIS-
FETs, suitable dielectric materials and processes
must be developed.

This study comparestwo low-pressure chem-
ical vapor deposited (LPCVD) oxides on n-

type GaN, namely a Low-Temperature Oxide
(LTO) and a High-Temperature Oxide (HTO).
Onthe unintentionally-doped n-type G~Ll~~ sam-
ples, LTOwas deposited at 450'C follol~-ing the
reaction:

SiH4 + 02 ~F Si02 + 2H2

and the HTOwasdeposited at 900'C according
to the reaction:

SIH2C12+ 2N20~ SI02 + 2N2+ 2HCl

In both cases the target thickness was 50 nm,
and aluminumdots were formed by evaporation

'The authors thank R. Wang.H. Lu, and I. Bhat for

the GaNmaterial used in this study, and ~_ I. Lazzeri,
P. Gipp, and J. Balch from General Electric-Corporate
Research and Development (GE-CRD)for o:ude depo-
sition. K. Matocha is grateful for feuowship ~-upport
from GE-CRD.The authors acknowledge support from
the NSFCenter for Power Electronics Systems (Award
#EEC-0731677).

through a shadowmask. A Iarge area capacitor

was used as an effective substrate contact and

was observed to be equivalent to the use of an
indium ohmic contact

.
Using this dual-capacitor

technique with a small capacitor diameter of

0.5 mm,capacitance-voltage (C-V) characteris-

tics andconductance-frequency (G-cL;) character-

istics of the two samples were measured.
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Figure 1: Measured (dotted) and ideal (solid)

C-V curve at I MHZfor LTOsample with UV
excitation at -10 Volts.

As shown in Figure I for the LTOcapaci-

tor, the capacitors are biased from accumula-
tion and reach deep-depletion. With ultravio-

let (UV) Iight incident upon the sample, the ca-
pacitance reaches a steady-state inversion capac-
itance. TheUVIight causes a negative flat-band

voltage shift by emptying trapped electrons, with
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flat-band voltage is given as

VFB= ~MS-
Qf + Qit

(1)
Cox

From the flat-band shift of the LTOsample,

Qf and Qit are calculated as 1.6 x 1012 and
-2.0 x 1012 qlcm2 respectively. Similarly, the

HTOsample (Figure 2) exhibits lower Qf and
Qit values, 6.4 x 1011 and -3.1 x 1011 q/cm2
respectively. TheC-Vcharacteristic of the HTO
sample shows only slight hysteresis whenmea-
sured without LTV Iight (Figure 3).
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The G-c,) technique is used to characterize
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the interface-state density on the LTOsam-
ple as shown in Figure 4. The interface-

state density near the conduction band is

- 8x 10ro cm~2eV-1 as shownin Figure 5.

MOScapacitors using LTOhave been fabri-

cated on n-type GaNwith an interface-state den-
sity of ~i 8x 10ro cm~2eV-1. Capacitors with
the HTOdielectric showa lower flat-band volt-

age shift with the application of ultraviolet light

and are expected to have less fixed charge and
a lower interface-state density than LTOcapaci-

tors, These results indicate that LTOand HTO
LPCVDoxides are viable for GaNMISFETde-

vice gate dielectrics and passivation layers.
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Charactcristics of mobilc ions in the Si02 films of SiC--MOS
structures
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Dae-dong 252, Naju, Chonnam,520-714, Korez~ Phone : +82-61-330 3321
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SiC (silicon carbide) is one of the most promising semiconductor material

for high-power and high-frequency devices due to its wide bandgap, high

breakdown field, high electron saturation velocity, and high thermal
conductivity. SiC surface can be thermally oxidized in the samewa_v as u.sed

for Si. The existence of mobile positive ions in Si02 Iayers of MOS
(metal-oxide-semiconductor) structures is one of the important sources of

instabilities in MOSdevices. The behavior of these ions in Si-MOSdevices

has been extensively studied in order to stablize the device parameters
Capacitance-voltage (C-V) & therrnally stimulated currents (TSOmethods

have been applied to characterize the mobile ions of MOSstructures[1,2]. In

this study, the characteristics of mobile ions in thermally grown oxide layers

of 6H-SiC MOScapacitors are investigated by C-V and TSCmeasurements
MOSsarnples used in this study are Au/Si02/6H-SiC structures. The

wafers used were 6H-SiC epitaxial layers prepared by thermal CVDon n+
6H-SiC (OOOl)Si-face substrates with 3.5' off-angle, which had undoped la_v~ers

with doping concentration of about I x 1016cm~3. Oxide layers were obtained by
thermal oxidation using dry oxygen or wet oxygen(95~ steam, 02 bubbling)

at various conditions, and post-oxidation annealing was perforrned at 1150-
1250~C for 30 min in Ar-ambient. For the fabrication of MOScapacitors, gate
electrodes were fonned by sputtering of Au-dots with 200-500pmdiameters,

and backside ohmic contacts also formed by sputtering of Wor Ni. In order

to investigate the characteristics of mobile ions in oxide layers of SiC-lvIOS
capacitors, C-V and TSCmeasurementswere perforrned.

C-V characteristics of the MOScapacitors were measured at room
temperature (300K) using a IMHz C-V plotter in the dark. Figure I shows
the C-V characteristics of a wet oxidized sample measured at IMHz. In this

case, it seems that the inversion dose not occur and the depletion layer

spreads widely, probabl_\' owing to the absence of minority carTier~ because of

Lhe large bandgap of ~31J-SiC[3]. After a C-V measurement ~it ro()m
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temprature, appropriate bias-temperature (B-T) stress is applied to a sample
at an elevated temperature and then the sample is cooled down to room
temperature with bias voltage still applied in order to measure the TSC. Then
the sample is heated at a constant rate, and the short circuited current is

measured. Figure 2 shows a typical TSCpeak in the Si02 film of a wet
oxidized 6H-SiC MOScapacitor. The bias voltage Vb = 3.0V is applied at a
temperature Tb = 460K for tb = 1.0 min. and the heating rate P is 0.1K/sec
It is found from Fig. I that a single peak is observed at Tp = 450K in the

measured temperature ranges, and the peak is generated by positive mobile
ions. The activation energy and QTSCObtained from the TSCcurves increase

as the bias voltage Vb increases.
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TEM(XHREM)andEDXstudies of 6H-SiCporous layer as a substrate

for the subsequenthomoepitaxial growth
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Since the first report on electrochemical etching of bulk SiC crystal in hydrofluoric

acid solution [IJ,
Iarge attention has been drawn to better understand physical properties of

the material commonlyknownas a porous silicon carbide (PSC)[2,3]. In these papers the

optical properties were being related with the microstructure of porous layers. Besides,

hexagonal form silicon carbide, e.g. 6H-SiCpolyiype, is used as a substrate for growing high

quality of GaNepitaxial layer and creating of semiconductor devices. This technology

presents certain demandsto the structural quality of bulk silicon carbide, whereas used for

above purpose crystals (CREE)content micropipes and threading dislocations (l02 cm~2),

which are inherited by epitaxial layer. Therefore the problem of receiving of the perfect

substrates for the fabrication of the epitaxial technology basedelectronic devices continues to

exist [4,5].

This paper focuses an attention on the microstructure analysis of the

substrate/PSC/SiC epilayer cross-section by TEM(HREM).Misoriented by 3.5', with respect

to the c axis, commercial 6H-SiC crystal (CREE)was subjected to the electrochemical

etching in HF: H20: C2H50H= I : I : 2solution at the illumination of the sanrple surface

with UVIight. At current density IOmNcm2and time of electrochemical etching 3Omin the

34 umthick pore layer was obtained. 6H-SiC 12umthick epilayer was grown by the

sublimation in vacuumover the PSC.

EM4000EXII and EM3000Felectron microscopes were utilized. EDXspectra from

area as small as 3nmwere recorded using SiLi detector. For preparing cross-section sanrple

the conventional procedure (grinding, polishing, dimpling andAr ion milling) wasused
It was shownthat the substrate-porous layer boundary is extremely sharp unlike the upper
boundary (porous layer-epitaxial one), which was subj ected to sublimation etching prior the

epitaxial growih. In addition, the porous layer is inhomogeneousalong the layer thickness:

near the upper interface there is - I . 5umthick porous layer with enlarged pores in size

(Fig.1). Near the bottom interface, at low magnification pores look like triangles. They are
stacked and form the chains elongated approximately on the c- axis direction. Close to the

upper boundary at intermediate magnification (100K) the pores seemas truncated triangles

and in the shape they remind hexagons. At least one facet of the pore independent upon its

size has the sharp interface parallel to the basal plane. Someimages show clearly the

amorphous structure of the internal surface of pores. High resolution image of pore
crystalline-amorphous boundary show the gradual transition from crystalline region to

amorphousone of the pore, certain atomic planes in this region being becomediffused in

character (Fig.2). Stronger contrast of (OOOl) Iattice planes in the immediate vicinity of pores
indicates on the stacking fault formation. Theselected area electron diffraction pattern feature
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in view of streaks in [OOOl] direction confirms the appearanceof two-dimensional defects in

the porous layer.

Comparisonof EDXspectra recorded for different regions of cross-section sample
showsthat the amorphousinternal surface of pore is significantly enriched by carbon (Fig.3)

As to content of carbon in the epitaxial layer at the immediate vicinity of the porous layer, it

is also higher than in SiC standard (substrate). The results received allow us to suggest that

during electrochemical etching the selective extraction of silicon atoms occur. This process
and high temperature growth give rise to the appearance of stacking faults and amorphous
areas in the porous layer. No threading dislocations and any another defects have been
observed in the epitaxial layer at all.

Fig, I , XTEMimageof structure of porous
layer at the vicinity of the epilayer

q'.=~*-* ~'

~v'**

Fig,3a, EDXspectrum from the region
containing the pore amorphouspart

Fig.2.

Fig.3b.

XHIUEMimageof crystalline-

amorphouspart of pore

(w~*o~le"'=J~=do'e~~~(tf~e* 'tf'~

EDXspectrum from the region of epilayer
in the vicinity of porous layer
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Catalytic metal insulator silicon carbide, MISiC sensors, are routinely operated up to 600'C
and short periods up to 10000CLl] The speed of response, whenchanging between an
oxidising and reducing ambient at temperatures ~:600'C is a few milliseconds [2].

Applications like cylinder specific monitoring in exhaust gases of a car engine, synthetic
exhaust diagnosis, and flue gas monitoring have been demonstrated [3, 4]. Wehave used
both Schottky diodes and transistor devices. Gassensitive MISiCFETdevices with catalytic

gate metal have been designed and processed by ACREOAB [5]. They combine the
advantage of high temperature stability, since these devices have a thick insulator, with
simple electronic circuitry. The MISiCFETdevices have been used in several high
temperature applications [IJ.

Ohmiccontacts, as well as an insulator, that performs in an oxidising atmosphere at

temperatures up to 600'C are required for the MISiCFETdevices used for car applications.

Theohmic contacts to the 4HSiC used for the first three batches of transistors were madeof
evaporated Ni, 100 nm, annealed in an argon flow for 10 min at 9500C. Ontop of the Ni, 200
nmTaSix and400nmPt wassputtered as a protection to corrosion and to enable the bonding
of gold wires. Linear TLMstructures of this contact were tested and preliminary results were
recently published [6]

.

Lee et al. has demonstrated earlier that TiWcontacts on both p- and n-type 4-H SiC
showgoodbehaviour at high temperature under vacuumconditions [7]. Wehave performed
further testing in corrosive environments. The contacts consists of 180 nmsputtered TiW,
annealed at 950'C for 30 min. Ontop of this a 30 nmTi layer and sequentially a 300 nmPt
layer were deposited using an e-beamevaporator. The top Pt top layer performs both as
protection of the corrosive ambient and to improve gold bonding to the contacts. Linear TLM
structures were processed and cut in 2x2 mmchip, which were glued on a heater. Theheater
is mountedon a 16-pin holder, which is put in an Al-block with a gas flow channel. APt-100
element is also glued on the heater for temperature control. Measurementsof the resistance
between the contacts were made with a Keithley 192 using four-point measurement
technique.

Fresh samples had a specific contact resistance, pc, of around Ixl0~5 ~/cm2. Annealing in an
oxygen containing ambient is interesting becausemanyhigh temperature sensor applications
involve that. The specific contact resistance wasmeasuredat the annealing temperature. The
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results for two linear TLMcontacts annealed at 500 and 600'C, respectively, in 2 (~o 02 in
N2, is shownin Fig. I .

Thecontacts showa stable contact resistance at 500'C and sorne drift
at 600'C in the oxidising atmosphere. To simulate car exhaust applications the contacts wereexposed to a sequenceof 3min of 0.4 %02 in N2, and I min of I %H2 injected into this
background gas, i.e. 3min of oxidising ambient and I min of reducing ambient. During this
annealing the contacts increased their specific contact resistance considerably, see Fig. 2, and
it also had a detrimental effect on the gold bonding. Further testing of the long-term stability
of the contacts will be performed at different temperatures.
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FigLtre 1.Contact resistance measuredat the annealing
temperature in 2%02 /N2 at 500and 600'C, respectively
In vacuumthe temperature was500'C for the first 140h
and then 600'C for the fmal 168h [7].
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Figure 2. Contact resistance measuredat 600'C in

an alternating reducing and oxidising atmosphere.
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Introduction

Carrier concentration depth profiling is important in R&Dof semiconductor devices, and

manytechniques have been invented. For silicon devices, spreading resistance profile (SRP)

is useful since it has high spatial resolution and wide dynamic range. WhenSRPis applied

to SiC, sensitivity of SR to doping concentration becomes low and the detectable

concentration is limited to about 1017 cm~3 [1]. Since the drifi layer concentration of high

voltage (>1kV) devices is lower than about 1016 cm~3, more sensitive technique is needed.

For wider bandgap materials, point-contact current voltage (PCIV), which is similar to SRP,

is known to have higher sensitivity than SRP. SRPmeasures current at a low constant

volta*'e between two-probes, on the other hand PCIVmeasuresvoltage at a constant current

(Fig.1). Weapplied PCIVto characterize the doping profile of 4H-SiC.

Experimental

As the substrate, (OOO1)Siface of n-type 4H-SiC from Cree Inc. wasused. The SiC wafer

had a 10-Lt, m-thick n-type epilayer with dopin*" concentration of I x 1016 cm~3and a n-type

substrate with doping concentration of I x 1019 cm~3. Phospher is implanted for 2X1015

ions/cm2 with four energies up to 180kVas a ohmic contact layer, and activated at 1800'C.

PCIVmeasurementswere performed by a conventional SRPsystem, SSM-150combined

with SSM-350from SSMInc.

Results

Figure 2 showscurrent-voltage characteristics of point-contact for doping concentration of

The sensitivity of PCIV is determined by the voltage difference1016cm~3and 1019cm~3
.

between the 2 curves. Though the voltage difference becomeslarge with current, it is

limited by maximumvoltage of potentiometer. Wechoosed50nAas the constant current

and depth prot"ile is obtained as shown in Fig.3. Fig.3(a) shows doping profile of n~/n'

substrate showing flat doping in epilayer. Fig.3(b) shows doping profile of P implanted

layer. PCIVresult matchesthe TRIMcalculated results.
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ABSTRACT

Substrates were half-masked during anodization so that an epitaxial layer maybe grown
directly on both conventional 'STD' and porous 'PSC' substrates for comparison purposes.

LIJ. Wewill report on ultrasonic investigations of acoustic wavetransport through both

the porous surface regions and overgrown films on both as-received and porous sufaces.

Both transmission and reflection measurementshave beenmade. Acoustic inspection, in

the frequency range of a few hundreds of MHz, is recognized as an advanced, non-
destructive method for testing electronic materials for state-of-the-art microelectronic

applications. Typical goals of acoustic imaging are to resolve and characterize intemal

bulk defects, delamination in packaged devices, and thin dielectric film metrology.

Traditional Scanning Acoustic Microscopy (SAM) involves the use of peak amplitude

information acquired while raster-scanning over a sample, to produce horizontal cross

section images. Oneof important SAMfeatures is a possibility to perform Tomographic

Acoustic Micro Imaging (TAMI) where the entire image can be split into individual

cross-sectional scans, analogous to physical sectioning ofthe sample.

Weperformed SAMin the TAMImode to characterize and compare the elasto-

mechanical properties of two 6H-SiC (OOOl)Si face off-axis wafers [2] SiC wafers

prepared to be half control, half nanoporous by surface anodization utilizing an
electrochemical cell, details of which are presented elsewhere [2]. Each wafer was
processed to create a 3umor 12umthick porous layer on half of the substrate. With this

approach the standard sample (STD) and porous sample (PSC) are on the samewafer.

SAMwasperformed using the conunercially available UHR-2000system from Sonix,

Inc. Measurementswere performed at an operating frequency 260MHzin the pulse-echo

mode. Wealso compared reflected and transmitted pulses at 75MHzfrequency. The

result of the TAMIscan taken on the wafer with the 12umthick porous layer is presented

in Figure I .
Thevertical line showsa border betweenthe PSC(lefi) and STD(right) part

of the wafer. Besides various micro-defects at the center of the wafer, the most

remarkable feature is an enhancedacoustic reflection from the porous side (more white

contrast). In different places on the wafer, the PSCdisplayed a 25-350/0 higher reflection
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than the STDhalf. The scans correspond to the acoustic pulse reflected from the back
surface ofthe substrate. In contrast, the SAMmeasuredon the 3umthin PSCsample (not
shown) reveals only minor variance betweenporous and reference halves. This difference
is again towards a higher reflection from the porous side. Werepeated the SAMstudy on
the samewafers after deposition of 3-4 umn-type SiC epitaxial layers on both full
wafers. The result wasvery consistent with acoustic images of the pre-epi wafers. The 12

umthick PSCregion shows a higher acoustic pulse reflection comparedto the STD
region. Also, a minor difference wasobserved in acase of 3umporous layer.

Fig. I TAMIscan taken on the wafer with 12 um
porous layer. Note that the porous region (PSC) has a
lighter contrast indicating the material is of higher
quality than the standard substrate region (STD).

Scanning thermal microscopy (SThM), which provides nondestructive, absolute
measurementsof the thermal conductivity (K) with a spatial/depth resolution in the 2-3

umrange [3], wasused to examinethe roomtemperature Kof porous and non-porous SiC
material. Wafers examined were processed in the samemanner as described above.
Thermal results were acquired by point-by-point type investigation on both halves of two
samples labeled Aand B. Theporous film thickness was3.5 um(sample A) and 15um(sample B), respectively. For both investigated samples K was found to be higher on the
PSCregion whencomparedto STDregions

- about a 120/0 increase on sampleAand 10010

on sample B, respectively. Atomic force microscopy (AFM)investigation reveals that the
influence of the surface roughness effects on 1c cannot account for the observed behavior.
Acompetition betweena decrease in the phononmean-free path and an increase of the
specific heat of the porous material, with the predominant term being the specific heat,
could account for these observations. The implications of these fmdings for device
applications and design are being considered. Theseresults are consistent with the SAM
characterization, which wasconducted independently. Results of these investigations will
be presented along with initial thoughts on a model for the transport of phonons in PSC
materi al

.
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Abstract

Wehave observed a4H-SiC~>3C-SiCpolytypic transformation in a highly dopedn-type 4H-SiC
epilayer following thermal dry oxidation. In addition to the 3.22 eV peak of 4H-SiC,
cathodoluminescence spectroscopy (CLS) after oxidation revealed a spectral peak at 2.5 eV
photon energy believed to corresPond to 3C-SiC, that was not present in the sample prior to

oxidation. To the best of our knowledge, the optical and structural results reported here are the

first observation of a polytypic transformation of SiC (or any other semiconductor) as a result of

thermal oxidation. CLSbased on low energy electron nanoluminescence (LEEN) taken over a
range of incident electron beamenergies identifies the presence of localized states and their

spatial distribution on a nanometer scale. With increasing excitation energy (EB) the electron

cascade and resultant generation of free electron-hole pairs occur at increasing depths, ranging

from 25 nmat I keV to 150 nmat 4 keV for SiC's nucleon values and material densities.

Electron-hole excitation rates peak at depth values (Uo) which are one-third of electron

penetration depths. Fig. Ia depicts the 3.22 eVphoton energy observed in the unoxidized sample,

which peaks moresharply as EBincreases with further penetration into the epilayer. Emission at

lower photon energies corresponds to a broad distribution of states in the band gap confined to

the near-interface region. After four hours of oxidation followed by HFoxide stripping, the

spectra changeddramatically as shownin Fig. Ib. A sharp 2.5 eV photon peak appears at all

depths except 0-30 nm(0.5 keV I keV) from the metallSiC interface, while a broad 3.2

eV photon peak slowly decays over the first 20 nm. The 2.5 eV emission at all depths probed

indicates a substantial structural changeoccurring over hundreds of nanometers in the oxidized

4H-SiC sample. Cross section transmission electron microscope (XTEM) image of the as

received sample shownin Fig. 2a indicates a uniform lattice structure confirmed by the 3.2 eV
LEENpeak to be 4H-SiC. However, the TEMimage shownin Fig. 2b of the sample that was
oxidized for four hours and the oxide stripped reveals structural changes. Referencing frorn the

top surface, discrete transformation bands (DTB'S) of 4H-SiC and 3C-SiC can be seen

propagating into the epilayer along the (OOOl) basal plane, with the thickness of each DTB
gradually increasing with distance from the surface. High resolution TEMof Fig. 2c offers a
closer look at one of the DTB's with the corresponding enlargement in the inset. The image

shows seven Si-C bilayers with a 3C-SiC Iattice periodicity sandwiched between 4H-SiC. The
3C-SiC Iayer is boundedby 4H-SiC structure. The transition boundary from the 3C-SiC to 4H-
SiC at the top andbottom mayoffer clues to the mechanismthat initiates the transformation.

Wetentatrvely suggest that the observed polytypic transformation maybe due to slipping of

Si-C bilayers along the basal plane, which maybe a strain relief mechanismdue to the heavy

doping (1.7xl019cm~3) of the epilayer on a lightly doped substrate. Hallin et al.1 used Raman
spectroscopy to detect dopant-induced lattice mismatch in 4H-SiC, while Matsunami et al.2

-)attributed the replication of stacking faults in a 1]20 grown epilayer to difference in doping

betweenan epilayer and a highly doped4H-SiC substrate. Given the potential adverse effects in

someapplications, it becomesimperative that this observed transformation phenomenonin the

crystal be critically investigated further.
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The fluency-dependent properties and the thermal annealing behaviors of neutron-

irradiation-induced defects in n-type 6H-SiC have been studied using deep level transient

spectroscopy (DLTS). Deeplevels NE1/NE2at Ec-0.36-0.44 eV and NE3at Ec-0.51 eV

are observed in DLTSmeasurementtemperature range of 100- 450 K. The energy levels

and capture cross sections of NE11NE2and NE3agree well with that of the E1/E2 and Ei

centers in electron-irradiated 6H-SiC, respectively. The present DLTSresults reveal that

concentrations of NElfNE2 increase corresponding with decay of NE3mthe isochronal

annealing temperature range 400- 650 K. Thedeep level centers NE1/NE2are thought to

be the samedefects El/E2. TheNE3center is attributed to the samedefect Ei that has been

assigned as carbon vacancy Vc in electron-irradiated experiment. The present results of

isochronal thermal annealing behaviors of NEl/NE2 support that El/E2 should be

differently charged states of carbon vacancy Vc, and argue against that El/E2 were due to

divacancy Vc-Vsi.
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Silicon Carbide (SiC) has becomethe semiconductor of choice for the newgeneration
of semiconductor devices working under extreme conditions. However, still there are only
few basic investigations performed on the electrical transport properties of SiC. Recently, the
free carrier diffusivity as a key parameter governing plasma behavior in bipolar devices has
been studied [1]. Extracted drift diffusivity data using the Einstein relation were comparedto
the Hall mobility data available in the literature. It was revealed that measuredminority-hole
diffusion mobility values are lower than majority-carrier (hole in particular) drift mobility
values as well as significant difference exists in their temperature behavior. The results
suggested that Hall mobility measurementshave to be performed on the sameset of samples
for an appropriate comparison and to assure the structural quality of the material.

In this work we present temperature dependent Hall effect measurementson n-type
4H-SiC epilayers grown by chemical vapor deposition (CVD). Free standing 80 umthick
epilayers with extrinsic concentration no =

1015 and 1016 cm~3were obtained by removing the
substrate by polishing to avoid the influence from the heavily doped substrates in the

measurements.Ohmiccontacts on the epilayers were formed by implanting contact areas with
multi-energy nitrogen doses along with subsequent annealing at 16500C and electrically
contacting them with a silver paste. Extrinsic carrier concentration, carrier mobility and
resistivity were deduced from measurementdata obtained from Hall effect measurements
using a van der Pauwconfiguration. TheHall scattering factor rH Wasassumedto be equal I .

Experiments were performed in the temperature range from 70 to 450 K. The ionization

energy and concentration of dopants governing the conductivity type as well as the degree of
compensation were determined employing a least square fit of the charge neutrality equation
to the experimental carrier concentration data. The charge neutrality equation wascalculated
numerically applying the material parameters for 4H-SiC.

The obtained Hall mobility values are equal to the highest values reported in the
literature (930 cm2/Vs at 300 K), which assures the structural quality of the material.
Nevertheless, the earlier revealed differences remain betweenthe ambipolar diffusion and the
recalculated Hall mobilities temperature dependencies. The discrepancy can be attributed to
the assumption of aHall factor rH = I in Hall effect measurementsin p-type 4H-SiC, where its

determination is limited due to a low hole mobility. Another explanation is that the minority-
hole mobility (ambipolar diffusivity) maybe reduced because of electron-hole scattering
Both consequencesmentioned abovecould not be disregarded and also maycomein parallel.

References: [1] P. Grivickas. J. Linnros andV. Grivickas, J. of Mat. Res. 16-2 (2001) 524.
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Silicon carbide (SiC) is a promising material for electronic devices used with severe

specification. Nowadays,6Hand4Htype SiC wafers are supplied commercially."However,

their high price and difficulty to obtain large area prevent the industrialization of SiC devices.

3C-SiC heteroepitaxial growih on Si(100) substrate is one of the attractive ways which

resolve problems mentioned. Manyresearchers have grown 3C-SiC on Si by atmospheric

pressure chemical vapor deposition method(APCVD). However, the epilayers have many
protrusions on the surfaces and poor surface morphology. As a result. APCVDgrown 3C-

SiC epilayers could not realize Schottky barrier diodes (SBD) with high reverse breakdown
voltages, which is no morethan several voltages. Wehave studied the growih mechanismof

3C-SiCby CVDand have found that the decrease of pressure during the growih brings about

the suppression of the reaction betweenprecursor in gas phase, resulting in the decrease of

secondary nucleation [I ,2]. Consequently, we can obtain atomically flat surfaces without

protrusions and antiphase domainsby low pressure CVD(LPCVD). The SBDSfabricated

using the LPCVDgrown epilayers showedgood electrical properties, the ideality factor of

1. II and the reverse breakdownvoltage of 240 V [3]• Recently, we have grown 3C-SiC
homoepitaxal layers on 3C-SiC thick free standing layers at 1500- 1600 ~C

,
and have shown

their excellent crystalline quality cornpared with those of heteroepitaxial layers. However,
their SBDcharacteristics is not sufficient, comparedwith those on 6Hand 4Hepilayers. In

this report, westudy the influence ofthe defects in epilayers on the characteristics of Schottky

barrier junction (SBJ).
Details of the heteroepitaxial growih and homoepitaxial growih of 3C-SiC and diodes

fabrication have been described elsewhere [1,3]. 3C-SiC substrates with on-axis (100)

surfaces, n type with carrier concentrations of IX1017 cm~ and the thickness ofabout 200 um
were supplied by HOYAcorporation [4]. Wehave prepared 3C-SiChomoepilayers grownat

different growih rates (2.5-8 um/h). Theproperties ofthe grown layers wasexaminedwith a
Nomarski differential interference contrast microscopy (NDIC) and the transmission electron

microscope (TEM).
Figure I showsNDICimages of surfaces of homo-epilayers. The epilayers grown at

the deposition rate of 2.5 um/h and 8um/h are shown in Fig. 1(a) and (b), respectively.

Macrosteps of over 100 umheight and the terrace of less than O. I mmwidth were fonned on
the surfaces of the epilayers at high deposition rates. The density of macrosteps increased

with increasing the deposition rate. In order to investigate the origin of the macrosteps, the

TEMobservation of the homoepilayers grownat high deposition rate wascarried out. The

TEMimage near the interface betweenthe homoepilayer and the substrate is shownin Fig. 2.

Manyline defects (stacking faults, twins, etc) along 1l> directions, which do not exist in

the 3C-SiC substrate, were observed in the hornoepilayer. Bahnget al. have reported that
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macrosteps consist of twin bands in the case of 3C-SiCheteroepilayers on Si [5]. Therefore,
in the case of homoepilayers, macrosteps seemto relate with defects which were observed in

Fig. 2. In order to make clear the relationship between the macro step and SBJ
characteristics, we fabricated SBDSOnmanysamples with the different densities of macro
steps and measuredtheir SBJ characteristics. Figure 3 shows the reverse current-voltage
characteristics ofhomoepilayers grownat the deposition rates of2.5 and 8um/h, respectively.

Becauseweused Schottky electrodes of 0.1 mmin diameter, Schottky electrodes contain at

least one macro step in the case of epilayer grown at 8 um/h. However, the I-V
characteristics of the high deposition rate sample is superior to those of low deposition sample,
in which Schottky electrodes do not contain macro steps. These results indicate that the

macrostep do not affect on the breakdownvoltage, and the characteristics of SBJs maybe
determined by other micro defects.

References
[1] Y. Ishida et al. : Jpn. J. Appl. Phys. 36 (1997) 6633.
[2] Y. Ishida et al. : Materials Science Forum. 264-268 (1998) 183.
L3] Y. Ishida et al. : Materials Science Forum. 338-342 (2000) 1235.
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[5] W.Bahng: Inst. Phys. Conf. Ser. Nol 64 (1 999) 331.
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Fig. I NDICimageof the surface.

(a) 2.5 mm/h (b) 8mm/h

Fig. 2 TEMimage ofnear the interface of
homoepilayers and subatrates.
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Ion implantation is the only planar, selective-area doping technology available for SiC due to

the extremely low diffusion coefficients of dopants. Henceit is necessary to anneal at high

temperature for the sufficient activation of dopants, so that macrosteps were easily formed on
the surface of 4H-SiC device. Manyreseatchers [1,2] have investigated several methods to

suppress macrostep formation during the high temperature activation anneal using silane gas

or carbon mask, since such surface ruggedness is known to deteriorating the channel

mobility[3 1.

In order to suppress the macrostep formatton weadopted a cap oxide layer thermally-grown

or CVD-grown,which is expected to act a role of obstructing the massflow between the

surface of SiC single crystal and the ambient gas. Thermal oxide of lOnmand 50nmthick

were grown on SiC wafers to examine the thickness effect of the cap layer. 4H-SiC wafers,

supplied from Cree, U.S.A., with an off axis of 8' towards were used as starting

materials. Thenon-implanted and Al, Bimplanted wafers were annealed for 30-40min at the

temperature of 1500, 1600, 1700~C, respectively. The samples were loaded into SiC capped
graphite crucible and then heated under argon atmosphere. The characterization of surface

roughening as well as formation of macrosteps was done using atomic force microscopy

(AFM).

The annealing at 1600'C for 30 min resulted in a very clear and well-aligned macrostep
structure in the SiC wafers with 10nmthick thennal oxide, as shownin Fig. 1(a). Thethermal

oxide cap was not found after the heating cycle, which implies that 10nmoxide layer was
thin enough to be removedawayduring the initial stage of annealing and then the surface

modification has occurred. It was revealed on the other hand that thicker cap oxide could

suppress macrostep formation. Fig. 1(b) shows that no macrostep was found in the sample

with a thermal oxide of 50nmthick after the samethermal history of annealing. The thermal

oxide layer which was etched out chemically for AFMinvestigation still remained, even
though it waspartly damagedand partly evaporated, at the surface of SiC single crystal after

the annealing. It meanstherefore that macrosteps could not be formed at the surface of the

off-axis grown SiC single crystal as long as the cap oxide remains during whole the period of

high temperature annealing and thus obstructs the massflow between SiC surface and gas
atmosphere. The small pits on the SiC surface in Fig.1(b), which seemsto have been created
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Fig. I .
Atomic force micrographs of high temperature annealed SiC surface. The samples

were annealed at 1600'C for 30min with thermal oxide layers (a) 10nmthick and (b)

50nmthick, respectively. Amicrograph (a) showsclear macrostep formation, otherwise

(b) showsonly small height steps.

during the growing of thermal oxide, are under investigation.

The stability of the cap oxide and the surface modification of SiC surface will be presented
with respect to the annealing temperature and atmosphere. The characterization of high

temperature annealed SiC surface with a thick(-1um) CVD-grownoxide layer was also

investigated and will be presented. The oxide formed and lithographed easily by
semiconductor processing can be a good cap layer for suppressing macrostep formation
during the high temperature annealing of silicon carbide.
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B+andAr are used for I>type ion implantation andboih ions have advantagesanddisadvantages,

each other. For example, Al+ implanted layer is easy for electrical activation and shows little

redistribution of dopant by diffusion during auneabngbut A1+implanted pnjunction has larger leakage

cun~t than B+implanted one [1]. Thedifi~erence of reverse properties betweenBt andArh implanted pn
junctions maybe relatedto the secondarydef~ts formed during annealing. Westudied the dif~erence of

secondary defect formation betweenB+andAl+ implanted layers by Tiansmission Electron Microscope

(TEM)andshowedthatatthe samevolumeconcentationof implantedior~density of secondary defect

in Arh implanted layer is higher than that in B+implanted layer. Onthe contrary, meandefect size in B+

implanted layer is larger than tbat in Arh implanted layer [2]. These secondary defects are extrinsic

dislocation loops composedof agglomerated interstitials formedby implantation [3]• Thevolumeof the

interstitials stored in dislocation loops rouglily coincides the amount of implanted ions and this

conelation doesn't dependon ion species L2]
.
This result meansthat B+andAl+ implantexi layers have

dif~erent agglomeration of intersti:tials, which cause the di~~elences of defect size and density between

them. The activation energies of secondary defect formation were estimated for both B+ and Arh

implantexi layers but they are not so dif~erent [4]
.

These activation energies are the selfLdiffusion

activation energy of Si in SiC. Fromthese results, wespeculate the dif~erence of secondary defects

formaiion betweenion species doesnot dependon the diffusion of interstitials in implanted layer but is

owing to its initial nucleatior~ which meansthe secondary defect formation is strongly dependenton as

implanted state. In this papel;, weshowthe influences of dose rate and implantation temperatul~ on
secondarydefett formation in Arh implanted 4H-SiCto clear this speculation.

N-type 4H-SiCwafers with a IOI~ mthick n-type epilayer, obtained fiom CreeResearchInc., were
used for implantations. Thedonor concentration of epilayers is about 5x 1015em~3.Single energy Ar
implantations at 750keVwere performedj using microwavemultiply charged ion source and radio

fiequency qpadrupole (RFQ) accelerator. This implantation system perrnits us high dose rate ion

injection of 100llA. While low dose rate implantation at 8~tA wasalso perfonned as a reference.

Implantation temperatures wereroomtemperature (RT) and 1000~Cfor both dose rate conditions. Post

implantation annealings wereperformed in Ar anibience at 1700~Cfor 5minusing lampheated fimace.

Figure I showsthe cross-sectional TEMimages obtained from Al+ implanted and post-annealed
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Fig. I Cross-sectional TEMimages of Ar implanted 4H-SiC. Post-annealing wasperformed at 1700~C.

Doseratesandimplantationtemperaturesare(a) 8l~AatRT, (b)8 !1Aat 1000~Cand(c) 10011AatRT.

epilayers. Doserates andimplantation temperatures are (a) 8/x Aat RT, (b) 8/~ Aat 1000~Cand(c) 100

// Aat RT, respectively. Observations are along 120>zone axis. In these TEMirnages, secondary
defects are shownas black dots. At the dose rate of 8lJ;A, secondary defects are reduced when
implantation tempelature is raised from RTto IOOO~C.Themeandefect size is also grows from 2.9um
to 4.Inm. Onthecontrary, defect density increases whendoserate is raised from 8!l Ato 100kt Aat RT.

Theselesults meanthat during high temperature implantation, in-situ recombination of interstitials and
vacancies is enhancedand supersaturation of them is reduce(~ which leads to the suppression of
nucleation for secondary defeet fonnation. As the result the density of secon(hy defetts decreases but

the meansize of themgrows. While, moreinterstitials andvacancies are survived at the high dose rate

implantation tban that of low dose rate condition andthe increased supersaturation of interstitials causes
the enhancementof nucleation of secondary defect formaion. In the case of IOO!~ Aat IOOO~C,TEM
irDage is similar to Fig. I (c). The increase of interstitials by high dose rate implantation is too high to

eff~tively recombine at IOOO~Cduring implantation. As the result a lot of interstitials are rernained

afer implantation, which leads to high density of secondary defect fonnation. High temperature
implantation is ef~ective only for low dose late implantation to reduce the secondary defeet formation

andinitial nucleation is also akey for secondarydefect control.
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Diffusion as a method of doping SiC has been used for a long timel. However, only

recently it has been demonstrated that this method might be an alternative approach to ion

implantation for the formation of selectively dopedregions2. Diffusion becamepossible due new

technology of graphite maskformation which enables this maskto sustain the high temperatures

required for the diffusion process. Since, during selective doping through a masklateral diffusion

occurs as well, diffusion mechanisms and the kinetics of diffusion along the direction

perpendicular to c-axis (a-face) must be studied in detail. Furthermore, because of silicon carbide

crystal anisotropy, it is reasonable to expect a difference in impurity diffusion along different

crystal orientations.

In this paper, wepresent a study ofboron andaluminumdiffusion into 4H-SiC substrates,

cut from the sameboule, both perpendicular andparallel to c-axrs

Single crystal wafers of n-4H-SiC from BandgapTechnologies, Inc. were used, having

orientations of (OOO1), (OOOT)and (1 Too), andbackground carrier concentration of 4. Ixl018cm~3.

Boron and aluminum diffusion were carried out simultaneously in argon ambient using an

induction heating vertical quartz chamberwith water-cooled walls. The temperature and time of

diffusion varied from 1900 to 2000~Cand from 5to 15min, respectively. Agraphite crucible with

a mixture of silicon carbide powder, elemental boron and aluminumcarbide powd~r(source of the

doping atoms) was used. The uniform temperature distribution with minimal gradients and

equilibrium SiC vapor pressure were created inside the crucible to avoid undesirable evaporation

and/or epitaxial growih during diffusion.

In order to accurately measurethe depth profiles of the diffused impurities, secondary ion

massspectroscopy (SIMS) wasperfonned. SIMSdata of Fig. I showthat afier diffusion at 1900'C

for 10 min, both boron and aluminumatoms diffuse about two times faster along the direction
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perpendicular to c-axis than parallel to it, while the impurity diffusion along th OOOI directione( >
is practically the sameas that along the OOOTdirection

.

Note, that the aluminumprofile in the a-face substrate has a very shallow surface region
with higher

concentration

presentation.

atomic

in the

concentration, while Si- and

surface region. Possible reasons

C-terminated substrates have lower Al
for this phenomenonare discussed in the
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h' htSilicon carbide is an ideal material for high-power, high-frequency and rg - emperature

electronic devices. For these applications nanocrystalline, polycrystalline, or single-crystalline

SiC fllms are required. Usually, crystalline SiC films are produced by CVDeither at high

Substrate temperature or followed by a high temperature annealing step in which amorphous

SiC is crystallized. Theseprocessing technologies have the disadvantage that large area and

low cost materials such as glass cannot be used as substrates. However, high temperature

annealing can be avoided by pulsed laser irradiation of amorphousmaterial.

Amorphous,hydrogen free, SiC films with 100-400 nmthickness were produced on glass

(Corning 7059) by pulsed laser deposition from a stochiometric, polycrystalline SiC target.

The ablation wascarried out using a pulsed KrF excimer laser (248 nm, 25 ns) at a repetition

rate of 10 pulses per second, a pulse energy of 250 mJ, a laser fluence of approximately 2
J/cm2 on the target surface with about 400'C substrate temperature. Theamorphouscharacter

of the deposited films was confirmed by Ramanmeasurementsand transmission electron

a)
b)

Fi~urel : a) Cross sectional TEMimage of laser crystallized SiC Iayer on a glass substrate

(inset: selected area diffraction (SAED) pattern from the layer); b) corresponding high-

resolution TEMirnage

The laser crystallization was carried out by single shots of the KrF Iaser in air at ambient

pressure. A fluence in the range of 0.1 to I J/cm was applied on a 5x2 mm~area of the

amorphousfilm. Afluence above250 mJ/cm2Ieads to crystalline SiC.

The crystalllne character of the laser crystallized films above the crystallization threshold of

250 mJ/cm was investigated by optical microscopy, Raman measurements, RBS
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investigations, and transmission electron microscopy. Figure I shows cross sectional TEMimages, Fig. Ib) aHRTEMimage of a laser crystallized SiC Iayer. Fromthe TEMimages weconclude that the SiC crystallites have diameters of 10 to 30 nm. The corresponding selected
area diffraction (SAED)pattern taken from the layer showsring"s of polycrystalline materialth•_ spacings of which fit to cubic silicon carbide. Additionally, from high resolution images adistance between atomic planes of 0.25 nmwas found which corresponds to (1 11) planesdistance (0.252 nm) in cubic SiC. Fluences well above the melting threshold lead to asegregation of the material.
The crystallization process was studied by time resolved reflection and transmission (TRRT)
measurementsduring laser irradiation. A 10 mWcwHe-Nelaser (633 nm)wasused to probthe samp]ereflectivity and transmissivity. TheHe-Nelaser beampowerwasmeasuredwithfast photodiode (2 ns time resolution) and registered by an oscilloscope. Since the
transmissivity and reflectivity of liquid SiC is expected to differ remarkably from that of solidSiC, this methodappears suitable to detect the liquid phaseon the samplesurface.
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Fi ure 2: TRRcurves and the crystallization pulse

Figure 2showsthe reflectivity results of TRRmeasurementsduring excimer laser irradiation
with 140 mJ/cm2and 300 mJ/cm2. In the low fluence irradiation curve the reflectivity
increases weak]y which is interpreted as a fi]m heating. After the irradiation the reflectivity
recovers to the previous value, so that no permanent modification of the film was detectedFor the high fluence irradiation the reflectivity increases to 0.6. The high reflectivity valueremains for approximately 50 ns, which is longer than the irradiation pulse of 30 ns. After 120
ns the reflectivity reaches a permanentvalue lower than before corres ondin to a ermanentmodification of the film Th I P g p

. e aser pulse leads to a crystallization of the amorphousmaterialAccording to the TRRmeasurementsthe crystallites result from a metastable SiC melt
existing for approximately 50 ns. These findings are unexpected because they are in
contradiction to the equilibrium phase diagram of SiC in which no li uid hase occurs atambient pressure. q p
The rather high reflectivity va]ue of 0.6 during laser irradiation indicates a metallic character
of the melt comparable to l-Si and l-Ge. To confirm the existence of a metastable SiC melttime resolved transmission and conductivity measurementsare discussed.
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The results of experimental and cbmputer simulation studi~s ' on defects and ion-solid

interactions in silicon carbide (SiC) will be presented. The interactio_n 9f energetic ions with SiC

results in the creation of interstitial, vacancies, antisite defects, and defect clusters that interact to

produce long-range structural disorder. Ab initio calculations and molecular dynamic (MD)
• ' ' fu ction of

simulations are used to determine defect formatron energetrcs, defect productron as a n

cascade energy, and the effects of cascade overlap. Ion-beam-induced disordering in single

crystals of 6H-SiChas been investigated experimentally for wide range of ions (H+ to Au2+). The

accumulation and recovery of disorder on the Si andCsublattices is deternained, respectively, by

Rutherford backscattering spectrometry (RBS/C) and 12C(d,p)13C nuclear reaction analysis

(NRA/C)in channeling geometry. ~

Density functional theory has been used to study the formation and properties of native

defects in 3C-SiC. It is found that the moststable configurations for interstitials are C-CandC-Si

split interstitials along the and 10> directions. Multi-axial channeling measurements

indicate that Si and Cinterstitials are well aligned along the axis in 6H-SiC, consistent

with DFTresults. Along other axes, the rate of Cdisordering is higher than for Si disorder, which

is consistent with MDsimulations that showlower displacement energies for Crelative to Si.

The results of MDsimulations for the net displacements and antisite defects produced by a Si

' maryknock-on atom (PKA) are shownin Fig. I as function of PKAenergy. The numberof
Pnnet

dis lacements is defined as the sumof the total numberof interstitials (or vacancies) and
P Iy 3times the numberof Si Frenkel pairs.

antisite defects. Thenumberof CFrenkel pairs is near

Similar behavior is observed for CPKAs. Antisite defects are produced by nearest-neighbor

replacements during the collisional phase and somerandominterstitial-vacancy recombination

during the subsequent relaxation phase.

MDsimulations have also shownthat large

disordered domains, including amorphous

clusters, are created in the cascades produced by

AuPKA~;whereas, Si PKASgenerate only small

interstitial clusters, with most defects being

isolated single interstitials and vacancies

distributed over a large region. Thesepredictions

are in agreement with the interpretation of

experimental results, as shown in Fig. 2, where

the relative disorder on the Si sublattice in SiC at

the damagepeak is shownas a function of dose

in displacements per atom (dpa) for 2MeVAu2.

and 550 keV Si+ ions at low temperatures. These

1000

-"~ IOO

~
O
~o lo

~
E::

1z

3C-SiC Net Dlsplacements o

Dt

Antisite Defects

o. 1 1oo0.1 Io

Si PKADamageEnergy (kev)

Fig. I .
Net displacements and antisite

defects as a function of Si PKAenergy.
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results suggest that the higher disorderin rate
2+ gfor Au is associated with a higher probabilify 1.o

{oO~adtlroenc~1umriPnagctthecamasOcrpa~h:zpa::oc~ss
or cluster

~'~~

0.8

A

MDsimulations with 10 keV Si PKAS ~0.6
6H-Sic

have been employed to simulate cascade ~
accumulation and ~0.4overla p, damage v 2MevAu2*170 Kamorphization processes in 3C-SiC. A total of ~ A 550kev si+, IeoK0.2140 cascades were ov~rlapped in an MD

simulation cell containing 40,000 atoms. At low o,o
dose, damage is dominated by single o.o 0.1 0.2 0.3 0.4
interstitials and small clusters consisting of Dose(dpa)
interstitials and antisite defects, and their Fig. 2. Relative disorder as a function of dose
concentration increases with increasing dose. m6H-SiC irradiated by 2.0 MeVAu2+at 170
The coaiescence of small and large clusters at Kand550keVSi+ at 190 K.
higher dose is an important mechanismieading
to amorphization in SiC, and the homogenous

1.onucleation of small clusters at low dose is :z:z~1~:

;rooncs::tse~th~rtlhs tohbesehrvoemdogeexnpOeun~meamntoalrpl~izuantidoenr o. 8 :z Iokev si*

:: 200 Ksimilar irradiation conditions, Under these
oo~ 0.6

conditions the drivin force for irradiati ~ JL Si Disorder
, g on- cT: 0.4induced amorphization is the accumulation of ~ v c Disorder

both interstitials and antisite defects. The 0.2 Model prediction

relative disorder as a function of dose showsa
sigmoid behavior, as shownin Fig. 3, which is o.o

in good agreement with experimental
o.o 0.1 0.2 0.3 0.4

measurements (Fig. 2). High-resolution TEM
Dose(dpa)

image simulations of defect accumulation
Fig. 3.

Relative disorder in SiC basedonMD
processes in the MDsimulation cell have been

simulations employing 140 cascades.

conducted to reveal the microstructural changes due to cascade overlap processes, as shownin
Fig. 4, and the results are in goodagreementwith experimental HRTEMimages.

Fig. 4. HRTEMimagesimulations of MDdamagestates from accumulatedcascade
overlap: (a) 0.06 dpa, (b) O. 13 dpa, and (c) 0.28 dpa
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ABSTRACT

Although doping of SiC by diffusion techniques is impractical (due to prohibitively slow

diffbsion rates of most commondopants), diffusion of implanted dopants at high anneal

temperatures is more significant than is often considered to bc the case. In simple single

species implants, substantiai implant profile broadening and implant tail lengthening have

been observed - the latter linked to Transient EnhancedDifiusion (TED) -
during high

temperature amealing. Such effects are enhancedby the relatively high concentrations of

lattice defects that occur in implanted SiC (due to the crystal lattice structure), and the high

implant doses required (due to low activation levels). Howeveralthough most realistic device

structures contain more than one single implant species (e.g. complex n-p-n structures of

bipolar devices), there is little published work on the effects of implant damageand dopant

diffusion in such complex structures. In this paper, we present an experimental study of

enhanceddopant diffusion in nitrogen/boron implanted n-p-n structures and propose a simple

modelwhich can be used to predict the extent of dopant diffusion (or migration) observed in

such cases.

In order to investigate these effects, a detailed experimental study of nitrogen/boron

interaction effects was performed. An implantation matrix of nested (one within the other)

implants with varying nitrogen and boron implant profiles wasfabricated and annealed over a

range of temperatures between1300Cand 1700C. Oneresultant set of SIMSdata obtained for

implanted nitrogen into an implanted boron p-well region as a function of the anneal time at

1600C is shown in Figure I The boron 'm lant fabrication schedule used was:- 20keV
• I ~3

2 -2
lxl013cm~2, 50keV 2xl013cm~2, 100keV3xlO cm~

,
160keV3xl013cm

.
The wafers were

tterned for nitrogen implant at the following energies and doses:-
then cleaned and re-pa
20keV8xl014cm~2 40keV8xl014cm~2and 60keV2xl015cm~2

.

All implants were performed

at room
temperatu~e.

Under these conditions, boron and nitrogen diffusion in excess of that

seen in equivalent single species implantation was observed. Figure 2 highlights the

unexpectedly strong nitrogen diffusion found in the SIMSdata of Figure I,
previously

presumedto be due to the effect of implant darnage from the earlier boron implant. Although

quantifying the degree of nitrogen diffusion post-experiment is straightforward (by using a

modified 'effective diffusion constant'), predicting the extent of such enhanceddiffusion prior

to device processing is difficult as it dependson the exact nature of the whole implant and

anneal sequence. Complexcalculations which model the interaction of the substrate crystal

lattice with the incoming ion species and the effect of subsequent annealing can be performed

by molecular dynamics techniques but are computationally expensive and impractical for all
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but a limited numberof special cases. There is thus aneed for simple tractable modelswhich
enable predictive calculation of these enhanceddi~,sion (redistribution or migration) effects
of both n- andp-type dopants in SiC in complexmulti-species implant structures.

In this paper a simple and elegant physical model for these enhanceddiffusion phenomenaas
observed in Silicon Carbide is proposed. Themodel allows possible mechanismsfor dopant
movement(or migration) within Silicon Carbide to be examined- basedon the initial state of
an ion implanted substrate. It will be shownthat an accurate prediction of complex implanted
multi-species profiles can he obtained by simple modelsdetailing the interaction bctween ion
species as a function of temperature. The proposed model accurately predicts the resultant
implanted ion redistribution profiles following high temperature annealing. Additionally,
isolated box implant profiles follow an expected modification profile consistent with implant
depletion widths. Previously published findings and the extensive newexperimental data
presented here correlate and agree well with the predictions of our newmodel. Additionally,
our newmodelpredicts the temperature behavior of a wide range of published experimental
results and also accounts for the time dependant behavior of the ion redistribution during the
annealing process. To date, no other TEDmodel or analytical process as published in the
literature explains the high temperature annealed ion redistribution in SiC as well as the
modelproposed in this paper
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Figure I: SIMSdata showing nitrogen and
boron profiles afier anneal at 1600C for
lOmins (sample A4BNS)and 20 mins
(sample A5BNS) respectively. For
comparison an ilnannealled sample
(UIBNS) is also shown.
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SiC is one of the most promising semiconductors for manufacturing electronic devices

with stable operation in extreme environments. Onemajor for device fabrication is the high

resistivity of the p-material since the acceptor concentration is limited by the solubility in

SiC. Nonequilibrium method - of ion implantation doping (ID) of SiC allows to introduce

acceptors with concentrations exceeding their solubility limit in SiC. However, the task of the

acceptor activation is not yet solved causing the formation of high resistive p-layers [1 .2]. It

has been shownthat ID of SiC with Al followed by high temperature annealing allowed to

produce p'n junctions where ID p'-layers did not introduce additional resistance in the device

structures L3]• Recently, beneficial influence of short thermal annealing on structural

perfection of Al ID 4H-SiC epitaxial layers grownby chemical vapor deposition (CVD)was
revealed, for instanee by a rise of the hole diffusion length values L4]• In this work the

advantages of high dose Al ID in 4H-SiC CVDepitaxial layers followed by short high

temperature annealing for high voltage diodes as well as in the detectors of UVradiation and

oc-particles were investigated.

4H-SiCCVDepitaxial layers with thickness 25 umand the concentration Nd-N. =
4xl015

cm~3were grown on commercial 4H-SiC wafers. Al ions with energy 150 keV and dose

5xl016cm~2were implanted in CVDIayers followed by short thermal annealing for 15s at

1700 ~C in Ar ambient. Regular Cr ohmic contacts to n- as well Al regular and

semitransparent contacts to p'- SiC wereproduced by thermal vacuumevaporation. P'n mesa
structures with different areas were formed by reactive ion plasmaetching.

The structural perfection in lateral and axial directions of the CVDIayers before and after

A1 ID p'n junction formations were investigated by scanning electron microscopy (SEM)
using electron beaminduced current (EBIC) imaging, by secondary ion massspectrometry

(SIMS) and SIMSimaging in Al ions, by x-ray photoelectron spectroscopy (XPS) and real

color cathodoluminescence (CCL) modein SEM.Diffusion lengths of the holes (Lp) were
deternrined by SEMusing standard treatment of EBIC signals. Electrical properties of the

CVDIayers and devices were revealed from capacitance-voltage as well as from forward and

reverse current-voltage characteristics measuredunder different conditions. The produced

structures were irradiated with 4.5-5.5 MeVoc-particles and the pre-amplified signa] was
registered at 20 "C. The spectral photosensitivity characteristics of Al ID 4H-SiC p'nn'

structures were studied in the range of incident energies 2.8-6 eV under short-circuit

condition for the photoeurrent.
.

4H-SiC p+nn+ diodes with p+n junction osition of 0.6 umand the area of IxlO~' cm2? -2 ' '

exhibited forward current density of 3xlO A cm at 12 V voltage drop and differentral

resistance of 3xl0~3 ~ cm~2. The small differential resistance value wasstimulated by tl low

resistivity of Al ID p+_layers and ohmic contacts as well as partial modulation of the n-base

region by injected holes due to the increase in Lp Value. This effect is probably due to the
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improvement of the structural quality CVDepitaxial layers after Al ID p+n junction

formation causing the absence of recombination centers of holes in A1ADp+_ Iayers and in

CVDIayers close to p+njunction position L5]. Breakdownvoltage of I .7 kV Iimited by CVD
structural imperfection were reached for these diodes, that had stable operation up t~ 500 ~C.

Shallow Al ID p+n junction position and small leakage currents, Iess than IO~ A, were
advantageous for the work of oc-particle detectors. It has been revealed that these detectors

exhibited the extremely low background levels due to the absenceof the "dead window" Iike

Schottky barriers. The amplitude permission values were 100/0 determined in spectrometric

regimes.
Also UVphotodetectors based on Al ID 4H-SiCp+njunctions combinethe advantages of

photosensitive Schottky barrier structures and structures grown by epitaxy. The collection

efficiency of nonequilibrium charge carriers nearly IOOo/owasobserved for this detectors [6].

The spectral sensitivity range of the photodiodes corresponded to 2.8-6 eV, peaking at 4.9

eV. This range is near to the spectrum of relative effectiveness of various wavelengths in

bactericidal UVradiation, which indicates novel application areas for a SiC detector.

Thus, it has been shown that Al high dose implantation with short high temperature
thermal annealing ensured the creation of narrow low resistive p+ Iayers which can be used as
effective hole injected regions in SiC devices. Improvementof SiC structural quality near Al

ID p+n junctions increased the Lp value that provided partial modulation of the n-base that

reduced the resistance in device structures
Influence of the Al ID with subsequent annealing on the quality of 4H-SiC CVDepitaxial

layers will be discussed. Electrical and optical characteristics of high voltage diodes, spectral

data and quantum efficiency of the photodetectors in temperature range 78-360 K. the

collection efficiencies and counting characteristics of detectors of oe-particles based on A1 ID
4H-SiCp+njunctions will be presented.
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Ion implantation, an indispensable technique to locally dope silicon carbide (SiC) still

presents manyproblems in particular for p-type zone creation. High ionization energy of dopants
imposes to raise the implanted dose above the amorphisation threshold for room temperature
implantations. Structure recrystallization and electrical activation of dopants, i.e. their incorporation
in active SiC atomic sites, require high temperature annealing, about 1700'C in special
configuration, with an overpressure of silicon and carbide.

Aluminum(Al) implantations were carried out at room temperature on the whole surface
(5x5mm2)of n-type 6H and 4H-SiC epilayers (doping level -1016 cm~3), cut out from CREE
commercial wafers. A total dose of I.75xl015cm~2 was implanted in disoriented samples to avoid
channeling effects in SiC crystal axes. Post-implantation anneals were realized in a dedicated SiC
induction heating furnace [I] at the center of the susceptor. High heating rampwasutilized, 40'C/s,
before to reach a constant temperature plateau in the 1600- 1800'C interval during 5min to I hour.

Rutherford Backscattering Spectrometry in the Channeling mode(RBS/C) measurements
realized after ion implantation and before annealing illustrate spectral superposition for the 6Hand
4H-SiC samples (Fig. 1). A 0,31umamorphouslayer up to the surface is found, the implant dose
being superior to the threshold of an amorphouslayer formation [2]. To convert energy to depth in

RBS/Cspectra a constant density value (3,21 g/cm~3) was taken. The amorphouslayer is found
larger if we consider that the density of amorphousSiC is lower than of crystalline SiC. After
annealing a better recrystallization is observed for 6H-SiC samples. After 1700'C annealing during
30 min the backscattering yield is 5,80/0 for the 6H-SiC sample and 6.30/0 for 4H-SiC sample, that

proves nevertheless goodcrystallinity after annealing in the both cases.
As verified by Secondary lon Mass Spectroscopy (SIMS) analyses on as-implanted and

annealed samples, no dopant loosing occurs after high temperature annealing. The roughness ofthe
sample surfaces after annealing increases with the temperature and the annealing time, this process
becomesexcessive for temperatures and times superior to 1700'C and 30 min.

Electrical activation of dopants on implanted and annealed samples was investigated by
sheet resistance (R*h) measurementswith a four point probe technique. R*h decreases when the

annealing temperature or the annealing time increases. In Fig. 2R*h Variations with the annealing

temperature are represented, for a 30 min annealing time.

The linearity of the R*h Variations proves a non saturation of electrical dopant activation,

nevertheless regression lines intersect temperature axe at 1819'C and 1801'C for the 6H-SiC and
4H-SiC respectively, which illustrates that these annealing conditions lead to nearly complete Al
dopant activation.

For a deepen approach of the electrical behavior of Al-implanted layers. Van der Pauw
(VdP) geometries and Transmission Line Method(TLM) structures were realized on SiC wafers
(1.375" diarneter) by a photolithographic process. Bipolar diodes were also created to study the

rectifying properties of the p+_n junction realized by Al implantation. The sameion implantation

parameters were utilized, and a 1700'C during 30 min thermal annealing was carried out on these

wafers.
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Fig. 1. RBS/Cspectra on Al as-implanted and Fig.2. Sheet resistance variations with annealing
annealed 6Hand4H-SiCsamples. temperaturefor 30min annealing duration.

Sheet resistance measurementsmadeon VdPandTLMstructures of 4H-SiCsamples (Fig.3)

showa linear dependencewith the distance between the respective structure and the center of the

wafer. Sheet resistance found by TLMmeasurementsmust be corrected by a geometrical factor. A
linear variation is determined also for the carrier concentration by Hall effect measurementsat room
temperature, the mobility values preserving a relatively constant value (18 cm2V~Is~1). High values

of hall concentration involve a goodelectrical Al dopant activation.

A good agreement is found between the sheet resistance measuredon the VdPstructure

placed at the wafer center and the values obtained by four point probe technique on 5x5rnm2whole
surface implanted samples, annealed in the susceptor center (19,5 k~ Fig. 2and 3). The linear

variations of Rsh on VdPwafer structures comparedwith the results presented in Fig. 2 involve an
alrnost linear temperature variation at the surface of the susceptor, due to the induction heating

system, the temperature of the suceptor increases from the center to its periphery. A difference of

31'C is found between the center and the wafer periphery. This is in agreement with
thermodynamicsimulations of the susceptor induction heating process.
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Fig3. Sheet resistance andhall concentration variation on a 4H-SiCwafer annealed at 17000Cduring 30min.

I-V measurementson bipolar diodes show a good behavior in forward and reverse
polarization. Current density of 60 A cm~2is found at a forward bias of 5Vand 10~7 A cm~2under

1OOVreverse bias.

All theSe resultS Will be detailed in the final paper and morecomparisons between6Hand
4H-SiCwill be developed.
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Post implantation annealing is indispensable process for electrical activation of

dopants implanted into SiC. To obtain the higher electrical activation of dopants, the post

implantation annealing is generally carried out at higher temperature above 1500'C using

conventional furnace annealing or a chemical vapor deposition reactor. However, selective

preferential evaporation of Si atoms from the SiC surface during annealing causes local

formations of C-rich phases and serious surface morphologyroughening as the SiC substrates

are placed on a heating holder or in a crucible for a long time. It is predicted that these

degrade the performances of device fabricated on rough surface. Weconsidered that short

time annealing at high temperature is the most suitable method for the suppression of the

surface morphology roughening as well as the high electrical activation of dopnats. In this

study, the post implantation annealing process using high-temperature rapid thermal

aunealing (HT-RTA)has been investigated to reduce the surface morphologyroughening and

to realize higher electrical activation of n-type dopants in 4H-SiC.

4H-SiC(OOO1)substrates with an 8'-off-angle and p-type epitaxial layer purchased

from Cree Research Inc, were used. The effective carrier density (NA-ND) in the epitaxial

layer was 5xl015 cm~3. Multiple ion implantations at 500'C were carried out through the

oxide film in order to form a box-shaped profile with a thickness of 0.3 um. The
multi-energy ion implantations were performed in six steps (40 - 250 keV) for phosphorus

(P) and nine steps (40 - 400 keV) for arsenic (As). The total implanted doses of7xl015 and
2xloi6cm were used. Thepost implantation annealing at 1700'C wasconducted using the

HT-RTAwith the maximurn raising rate of 1700'C/min in Ar atmosphere. The post

annealing time (t~) was varied between 0.5 and 30 min. To perform the measurementsof

sheet resistance (R*) and Hall effect, Ni electrodes with a van der Pauwconfiguration were
formed by electron beamevaporation and were annealed at IOOO'Cfor 5min. The surface

morphologies of the implanted layers were observed using atomic force microscopy (AFM).
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The AFMimages of the surface morphology observed from P-imp]anted 4H-SiC

(SiC:P) annealed at 1700'C for I min and for 30 min are shown in Figs. I (a) and (b),

respectively. These images clearly showthat the size and height ofthe groove structures on
the SiC:P surface annealed for I min are less than those for 30min. Average roughness (R*)

calculated from the AFMimages of a IOxIOum2observation area are 2.4 nmfor I min and

13.3 nmfor 30 min, respectively. Figure 2shows the dependencesof R,, measuredfrom

SiC:P andAs-implanted 4H-SiC (SiC:As), on t~. The results showthat HT-RTAreduces the

R, for both SiC:P and SiC:As. The R* of 62 ~/sq. for SiC:P annealed for I min and 160

~/sq. for SiC:As annealed for 2min are obtained. According to Hall effect measurernents

at roomtemperature, an electrical activation ratio higher than 80 o/o is indicated in the SiC:P

annealed at 1700'C for Imin. Finally, the minimumR* of 38 ~/sq. is achieved in SiC:P

implanted with a dose of2xl016 cm~2and subsequently annealed at 1700 'C for 30 s. This

R* value is very small as a resistance of an n-type source region for SiC power devices.

Consequently, it is demonstrated that the HT-RTAprocess is very useful for preventing the

surface morphologyroughening and lowering the R~.

This work wasperformed under the managementof FEDas a part of the METINSS
program(R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO.

1OOO

Figs. 1. AFMimages of surface

morphology observed from

P-implanted 4H-SiC annealed at

1700'C for (a) I min and (b) 30

min. z axis length of image

corresponds to 300 nm/div.
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The ion implantation is promising process for manufacturing the silicon carbide (SiC)

devices. As its particular nature, the high-energy and the high-temperature ion implantation is

required. Especially, in the SIT(Static Induction Transistor) (1)
as shown in figure l, the

width between p-gate and p-gate has an important role in the electric characteristics. It is

rmportant to establish the ion implantation to be able to form the deep p-layer selectively

However, the polymer photoresist which is commonlyused in the silicon (Si) device

manufacturing cannot be used for the SiC devices because of the high-temperature ion

implantation. Then, wedeveloped the silicon-dioxide (Si02) maskusing the photolithography

and the dry-etching processes. Weobtained the maskof the line width of I .2 ll mand the

thickness of 3.2 ,1 m.
Figure 2showsthe aluminumion distribution computedby the TRIMprogram. Theenergy

ofthe ion is MeV.Thealuminumions are penetrated into the SiC substrate on the case of the

Si02 thickness of 2.0 11 m. Onthe case of Si02 thickness of 2.6 I/ mthe aluminumions are

fully cut. Weset the Si02 thickness of 3.2 11 m,
which is estimated to calculate 20 OIQ

margins.

Weused the chip of the size of 15mmx 15mm.The lithography and the dry-etching were
performed using the chip flxed on a 5-inch Si wafer. The Si02 ofthe thickness of 3.2 ,1 m
wasdeposited by the low-pressure chemical vapor deposition (LPCVD).Figure 3showsthe

cross-sectional scanning electron microscopy (SEM)photograph of the Si02 Whichwasdry-

etched using the photoresist of the thickness of 4.2 ll m. The CHF3and the CF4gases are

used on the dry-etching. The photoresist wascompletely lost and the Si02 Wasalso etched

Then we performed the ultraviolet (UV) irradiation on the polymer photoresist. Figure 4
showsthe cross-sectional SEMphotograph of the Si02 Whichwasdry-etched using the UV
irradiated photoresist of the thickness of 2.5 I/ m. Thephotoresist wasremained the thickness
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of I .2 ,1 mand the Si02Wasalmost vertically etched. Particularly, the side of the Si02 has

no notches, and the dispersion ofthe electric characteristics keeps controllable

Wedeveloped the Si02 maskofthe width of l.2 !1 mand the thickness of3.2 /1 mwhich

waswholly cut the aluminumions implanted by the energy ofthe MeV.
This work was performed under the managementof FEDas a part of the MITI NSS

Program(R &DofUltra-Low-Loss PowerDevice Technologies) supported by NEDO
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4H-SiC is the most promising SiC polytype for manufacturing high-power, higll-

temperature andhigh-speed electronic devices with outstanding capabilities. Manyefforts to

obtain a good p-type SiC Iayer by ion implantation, using either aluminumor boron ions,

have encountered difficulties such as high sheet resistance and low activation efficiency [1],

L2]. In this work, an attempt wasmadeto perform low-resistivity p-type doping in a4H-SiC

epilayer by using aluminumion-implantation.

The target material, purchased from Cree Inc., wasa4H-SiC substrate with a 4- ll m-
thick epitaxial layer. The doping of the epitaxial layer was I x 10*6 cm:3 n-type. Specific

energy/dose schedules for aluminumimplantation were 180 keV/2.7 x 1015 cm~2, 100 keV/1.4

x 10*5 cm~' and 50 keV/9.0 X10'" cm~2. A11 implantations were performed at 800~C. Post-

implantation annealing wasdonefor 10 minutes at 1600-1800~Cin an argon atmosphere. In

order to prevent morphological surface degradation, samples wereencapsulated in a dununy-

SiC wafer during annealing. Nomarski differential interference contrast (NDIC) micrograp hs

of the samples annealed with and without the dummy-SiCwafer are shown in Fig. I .

Significant surface degradation is observed for the sample annealed without the dummy-SiC

wafer. Onthe other hand, the sample annealed with the dummy-SiCwafer showsa smooth

surface morphology. To investigate the electrical properties of the samples annealed with the

dununy-SiC wafer, Hall measurementswere performed with the conventional Vander Pauw
method. Ohmiccontacts were fabricated of TyAl, followed by annealing at 1000~C. Sheet

resistance Rs is shownas a function of the annealing temperature in Fig. 2. Thevalue of Rs

decreases with increasing annealing temperature between1600-1800~C.Rs as low as 2.3k ~
/[1], a record low for any implanted p-type SiC Iayers, wasobtained in the sampleannealed

at 1800~C. Sheet carrier concentration Ns and Hall mobility // are shownin Fig. 3. Ns is

about two orders of magnitude larger whenthe annealing temperature is increased from 1600

~C to 1800~C. The decline in sheet resistance Rs is mainly due to the improvement of Ns
with ahigber annealing temperature.

Reference:

[1] J. M. Bluet et al, J. Appl. Phys. 88, 1971 (2000)

[2] S. Seshadri et al, Appl. Phys. Latt. 72, 2026 (1998)
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(A) (B)

~~Fi. 1
Nomarski differential interference contrast (NDIC) micrographs of samples annealed
(A) with and (B) without a dummy-SiCwa.fer.
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The ion-implantation process has been a great success and being used extensively in Si-device

technology, however, for SiC devices, it still lacks the critical knowhowrelated to the defect kinetics.

Oneof the key issue for realizing the SiC planar devices is to eliminate the ion-implantation process
induced damagesas well as to achieve the high electrical activation for dopants to match the design

requirements. However, the high temperature activation annealing process of SiC usually deteriorates

the important chemical and morphological surface that eventually leads to poor electrical properties.

The micro-structural and electrical properties of Al implanted 4H-SiC annealed using a halogen

lamp furnace has beeninvestigated with the aim to minimize the effect of high temperature activation

processing viz., step bunching and surface graphitisation. Earlier, Panknin et al.[1] reported high

electrical activation for the Xenonarray flash aunealed Al implanted 6H-SiC, however, defect kinet-

ics of the flash annealed samples were not discussed. A twin halogen lamp annealing system was
used to electrically activate the implanted Al dopant. Al implantation dose was I.Oxl015cm~2and im-

plantation wasperformed at 1000~C. The samples were subjected to lamp exposure from either or

both sides to anueal at different temperatures. Transmission electron microscopy (TEM)wasused to

probe the micro-structural changesof lamp annealed 4H-SiC samples. During the activation anneal-

ing the micro-structural defects are formed and the generation of such defects uponannealing are in-

vestigated with respect to dopant electrical activation and leakage current to establish a possible cor-

relation between the said properties. The electrical activation result suggests that the halogen lamp

annealing process is as effective as conventional furnace annealing process and almost independent

of time scale of performed experiments at high temperature region (-1800iC) for Al dopant. Also,

contrary to the strong B transient enhanceddiffusion in SiC, no significant diffusion of Al wasob-

served [2]. Theuncapped4H-SiCsamplesshowthe improvementin the surface morphologyafter the

high temperature lamp annealing process. However, the sublimation of the surface layer due to high

surface temperature during the long direct lamp exposures wasobserved. TEManalysis confirms the

suppression of surface graphitisation, which is commonlyobserved for conventional furnace anneal-

ing process. The observed circular dislocation loops, composedof either clustered interstitial atoms/

dopant Al residing on basal planes and/or an extra SiC plane showa strong dependenceon the an-

nealing time. The electron energy loss spectroscopy (EELS) was used to investigate the micro-

structure of dislocation loops. Basically, the implantation at elevated temperature of 1000~CIeads to

the substantial amountof defect reduction. During the high temperature activation annealing process,

density of these dislocation loops decreases with time, although they grow in size. The test structure

of pn junction with no passivation and edge termination shows the low level of leakage currents
( Anycorrelation betweenthe dislocation loop density or size on the pn leakage cur-

rent wasnot observed.

In summary,Iamp annealing process is effective for the dopant activation process compareto the

conventional furnace process as significant irnprovements in the sheet resistance and the pn leakage

current were observed for the lamp annealed 4H-SiC samples. However, a relatively high density of

dislocation loops were observed for the lamp annealed ones. Thepossible formation kinetics of these

micro-structural defects will be discussed.

References
[1]. D. Panknin, H. Wirth, W.Anwand,G. Brauer, and W.Skorupa, Int. Conf on SiC andRelated Materials,

NC, 1999.
[2]. R. Kumar, J. Kozima, and T. Yamamoto,Int. Conf on Solid State Devices andMaterials, Tokyo, 1999.
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Fig.1 Cross-sectional transmission electron microscopy im-

ages of Al implanted 4H-SiC annealed using the halogen
lamp furnace at (a) Temp.=1600~Cfor 30 sec., (b) Temp.
=1600~Cfor Imin., and (c) Temp=1600tfor 10min. TheA1
implantation dose was I.Oxl015cm~2 and implantation was
performed at 1000~C.

Fig. 2 AFMimages of Al implanted 4H-SiC an-
nealed using (a) the conventional furnace at Temp.
=1600~Cfor 30min., and (b) the halogen lamp fur-

nace at Temp.=1600~Cfor 30sec.
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In modern semiconductor technology the access to precise process simulators has

becomevital to decrease the development time and cost for newdevices. To predict

ion implanted doping profiles two types of simulators are mainly used: (i) Simulators

based on physical models of the ion stopping processes. Most of these use different

types of Monte-Carlo algorithms and can be - with appropriate empirical fine tuning

- very accurate, although too time consuming for the purpose of implantation profile

design.[1] (ii) A convenient alternative is based on the fact that most ion range
profiles can be represented, to a high degree of accuracy, by its first four distribution

moments(Rp. ARr" y, and fi) using Pearson frequency distribution functions.[2] In this

way, depth profiles of multiple ion implantations can be quickly and precisely

simulated by interpolation between established distribution moments,providing that

the amountof experimental data is large enough.

In this contribution we have assembled range data from 120 single energy
implantations into SiC of IH, 2H, 7Li, 11B, 14N, 160, 27Al, 31P, 75As, and 69Ga, in the

energy range I keV - 4MeV.The range data for more than 40 of these implantations

are previously unpublished while the remaining distribution momentshave been

obtained from the literature. The implantations were performed, with few exceptions,

using crystalline SiC and under conditions (implantation dose and temperature) so

that amorphization and significant surface swelling was avoided. For the newdata,

the first four distribution momentswere extracted using a least square fitting

procedure of Pearson functions to the concentration versus depth profiles obtained by
secondary ion massspectrometry (SIMS), exemplified for 11B in Fig. 1. To acquire a
compact interpolation scheme for the experimental momentsanalytical functions,

with 2- 4 fitting parameters each, were fitted to the data (Fig. 2). The experimental

data for IH, 7Li, 160, and 69Ga were to scarce for this fitting procedure. To
compensate this deficiency, Monte-Carlo simulations were performed to fill up the

empty gaps in the momentsversus energy plots of these ions. In these simulations we
used the newly developed ion implantation code SIIMPL 13] which is based on the

binary collision approximation [l] and was carefully calibrated to the existing

experimental data of each ion.

'Corresponding author: Tel: +46 8752 11 20; Fax: +46 8752 77 82

E-mail: martinj@ele.kth.se
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PoSt-implantation annealing efl:ectS Onthe surface morphologyand
electrical characteristicS Of 6H-SiC implanted with aluminum
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2ResearchLaboratory for Surface Science, Faculty of Science. OkayamaUniversity,
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Ion implantation is indispensable for the fabrication of electronic devices based on
crystalline silicon carbide (SiC), becausethe conventional thermal diffusion technique cannot

be applied to the device fabrication of SiC from the fact that donor or acceptor impurities like

Nor Al have quite low diffusion coeffrcients in SiC crystal. After ion implantation, annealing

at high temperatures above 1500'C is necessary to activate the dopants electrically as well as

to recover the crystallinity of SiC damagedby ion implantation. Annealing at such high

temperatures often makesthe surface of SiC rough, which is undesirable for fabrication of

electronic devices based on SiC. Thus both the surface morphology and dopant activation

should be considered whenoptimizing the post implantation annealing process. For this

purpose, we have investigated the surface morphology and electrical characteristics of

6H-SiC implanted with A1 and subsequently annealed under different conditions.

The samples used in this study were n-type, 3.5'-off 6H-SiC(OOO1)epitaxial films grown

on 6H-SiC single crystals which were purchased from CREEResearchInc. Five fold (20, 50,

110, 200 and 340 keV) implantation of Al ions was carried out to form a box profile with a

meanAl concentration of 2*1018/cm3 and to a depth of 0.5um. The samples were
subsequently annealed for 30 minutes in flowing Ar gas at different temperatures of 1550'C,

1650'C and 1750'C. Different annealing periods (3 and IOminutes) were also carried out at

1650'C and 1750'C.

The surface morphology of these samples was characterized using atomic force

Fig.1 AFMimages for Al+ irnplanted 6H-SiC(OOO1)3.5'-off surfaces after annealing

at (a)1550'C and (b)1750'C for 30 minutes
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microscopy(AFM). All samples showedrough surfaces after annealing. Figures l(a) and 1(b)

showAFMimages afier annealing at 1550'C and 1750'C, respectively, for 30 minutes.

While the sample annealed at 1550'C shows slender and hillock like features with sharp

spike, those annealed at the higher temperature exhibits straight grooves. The orientations of

these features are parallel to each other. Each groove has a plane of which direction is

approximately 3.5'-off from the sample face. Somelarge hillocks also have the 3.5'-offplane

on their surfaces. Thus these features must be hugebunchesof bi-layer steps and include the

(OOO1)-Si face as a part of their surfaces. Figures 2(a) and 2(b) showthe AFMimages for the

samples annealed at 1650'C for 3and 30 minutes, respectively. By increasing the annealing

time, hillock-type features in Fig. 2(a) disappeared and instead groove-type features appeared

as shown in Fig. 2(b). The surface morphology of the samples annealed under the other

conditions can be also classif"red at these two types, i.e., grooves and hillocks, although the

size and density of the features (grooves or hillocks) changedwith annealing condition. The
height and lateral size of the features increased with increasing annealing temperature and
time, whereas the density of the features decreased with increasing temperature. That is, the

density of hillocks/grooves depends on annealing temperature only, even though the size

and/or the type of the features changeat different annealing duration.

These results imply that hillocks are the nuclei of the huge step bunching, i,e., the hillocks

becomegrooves after their growing to a certain extent. The density of grooves depends

strongly on the density of hillocks at the initial stage of groove formation, suggesting that the

meandistance betweenadjacent grooves is controlled by changing the annealing temperature.
It indicates the possibility that the formation of a large amountof nuclei and their growih by
annealing at low temperatures and following annealing at higher temperatures (two step

annealing) provide the surface with small roughness.

The electrical characteristics of these samples will be shownand discussed in conjunction

with the surface morphology in the conference.

Fig.2 AFMimages for Al+ implanted 6H-SiC(OOO1)3.5'-off surfaces after annealing

at 1650'C for (a)3 minutes and (b)30 minutes
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Silicon carbide technologies for the manufacturing of power devices seem to be
promising in the near future. The frst SiC powerdevice commercially available is a Schottky
diode proposed by Infineon society (ranging: 300 V/ 10 Aand 600 V/ 4-6 A). In the field of
the SiC switches, the current trends are the ACcu-MOSFETand JFETstructures which exiaibit

the best specific on-resistance/breakdown voltage ratio experimentally obtained (Accu-
MOSFET:16 m~.cm2/1600V [l j ;JFET: 10 m~.cm2/600V, 14 m~.cm2/1800V [2]).

The aim of this paper is to show the frst experimental results of a 600 V 4H-SiC
current lirniting device (Fig. I). This device lirnits the current which flows through it as the bias

voltage between its two contacts increases. The static curves obtained from the frst run
(T=300K) showa current limitation abili'ty with a saturation voltage ranging from IOV to 15
V. The electrical device characterization showsa RoN~-150 m~.cnf and a current density of
lOO A.cm~2under 50 V. The forward conduction is ensured by an Ntype implanted channel
(doping species: nitrogen) over an P+ implanted layer (doping species: aluminum). The
electrical characterization of the NcHANNEL/P+Iayer (analyzed by C(V) and SIMSmethods)
shows a good chaunel mobility (100 cm2.V~1.s~1 for a 2xl017 cnf3 N compensateddoping
concentration). The prototypes of the second run reach a saturation current density of 900
A.cnf2 (Fig. 2), with a specific on-resistance of 13 m~.cm2(Fig. 3). The 4H-SiC current
lirniting devices ofthe secondrun belong to the best set of ACcu-MOSFETSdevices obtained
in the literature.

References

[1] J. Tan, J.A. Cooper, Jr., M.R. Mellocbj IEEEElec. Dev. Lett., 1998, Vol. 19, No. 12,

p.487-489.
[2] P. Friedrichs et al, ISPSD'OO,2000, p. 213-216.
[3] ISE integrated SystemEngineering, ISE TCAD,AG,Zurich (Suisse), 1998
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Silicon carbide greatly expandsthe voltage range of unipolar andbipolar powerdevices as
comparedto silicon. Unipolar devices with blocking voltage of 4.5 kVandevenmorecan
ideally be madehaving lower conduction andswitching losses as comparedto bipolar

devices. SiC unipolar devices thus cover the needsof most of the motor drives, switched

modepowersupplies and automotive applications. However, for powertransmission and
traction applications devices with blocking voltages higher than IOkVare of interest. In

these applications bipolar SiC devices have to be used [1].

In this study weinvestigated a family of integral cascode switches built uponthe principle of

a buried grid. Theburied grid constitutes the gate of the vertical junction field effect

transistor (VJFET)or thyristor (VJFETh). It is normally shorted to the source or emitter

electrode and its primary function is to take up the high voltage applied to the drain or
collector. Theupper part of the structure contains a low voltage VJFETor UMOSFET.The
buried grid shields the upper part of the structure giving reduced electrical field at the trench

corners and at the surface grid, respectively [2,3]. Thesurface gate of the upper part of the

structure constitutes the control gate of the entire switch. The investigated switches are
designed to be controlled by a gate voltages between2and - IOVolts. With the buried gate

shorted to the source, the device is blocking full voltage with a negative voltage ~1OV
applied to the surface gate and it is conducting with a positive voltage of maximum2V
applied to the samegate. Connecting the high voltage grid to the source or cathode greatly

reduces the switching losses [4]. TheJFETwith junction gate control constitutes an
alternative to the MOStechnology [5]. Theattractiveness of the cascodeconcept is that it

expandsthe range of application of a VJFETand facilitates realisation of both mediumand

very high voltage switches on the basis of a single technology.

Switches with two voltage designs, 3.3 kVand 10 kV, defined as 80%of the calculated bulk
breakdownvalue, are investigated. The3.3 kVswitches are unipolar cascodesbasedon a
VJFETcontrolled by a low voltage JFETandUMOSFET,respectively. The IOkV switches

are bipolar cascodesbasedon a VJFEThcontrolled by a low voltage JFETandUMOSFET,
respectively. The10 kV structures contain ap-type emitter at the collector side for hole
injection. Thecross-section of the 6umlong upper part of the devices is shownin Fig. 1. The
n-base layer thickness anddoping is 32 umand4el5 cm~3 res ectively, in the 3.3 kVdesign

, ~and 102umand 8el4 cm~3 respectively, (plus 50um,5el5 cm~ n-stop) in the 10 kVdesign.

Thecarrier lifetime is set to 2us for the bipolar switches and to 0.5 us for the SiC antiparallel

diode. Thechannel mobility of the UMOSFETis set to 10%of the bulk mobility value. In

Fig 2the simulated data for on state voltage with 2V (JFET) and 10 V(UMOSFET)applied

to the control gate are shown. Ascan be seen in Figs 5and6the junction gate devices show
softer switching behaviour as comparedto the MOSgate devices.
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Fig. I Cross-section of simulated structures

showingMOSandjunction-type upper gates
andburied lower gate.
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Junction field-effect transistors (JFETS) in SiC have drawn attention due to the

inherent stability of the p-n junction gate, comparedto the Schottky or MOSinterface, as
well as their relatively simple structure. To date the viability of SiC buried-gate JFETSfor

high temperature andhigh voltage operation has beendemonstrated by various groups [1,2].

For buried-gate SiC JFET
structures, as in most of SiC power
devices, the dry-etch is one of the

most irnportant process steps required.

Plasma assisted dry etching methods
are generally used techniques to etch

SiC in the absence of proper wet
etchants of SiC. However, deep cuts

at the bottom of the sidewalls, the so-
called trenching effect, are known to

occur in most dry etching conditions
[3]• The trenching effect is attributed
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5prT1 n channel 4el 6

~~~~'~:~c:~:_

05um
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n- sub•channel
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_____ __-.

---

--- 1iel9
~~~ ~~~~~~f~~~~ ~~

5el7

Gate

Fig.1 cross-sectional Schematic diagram ot a typical

4H-SiC buried-gate JFET

to the deflection of ions on the sidewall inducing enhancedion bombardmentat the bottom.

In this work, we investigate the influence of the trenching effect on the

characteristics of SiC JFETS and processes for controlling the trench edge angle are
presented. A4H-SiC wafer from CREEInc, with epitaxy grown at Link6ping University is

used for the experiments and the numerical simulation of the device was carried out using

ATLASsoftware from SILVACOInc.

Ag.2 SEMimages showing the trench eftect on the bottom of

the sidewall: (a) cross-sectional profile and (b) tilted view

Fig.1 shows a cross-section

of the fabricated buried-gate JFETS
using a two-mask layer process. The
channel was formed using an
inductively coupled plasma (ICP) dry
etch in SFdAr. Typical SEMimages
of the etched profile using a Ni mask,
indicating good anisotropy with
trenching effect, are shown in Fig.2.

The etch
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rate of SiC is -110 nm/min and
the trenching profile has depth
of 0.2-0.3 um for a -4.5 um
deep etch. The simulated results

on the typical structure with the

trenching effect agree well with
the measured data showing a
slight decrease in the current
density of around 10 %, but
improved linearity in the gate-
drai n characteristics and
maximumtransconductances up
to - 25 mS/mmfrom the

measurements were obtained
with devices with trenching. If

the channel becomes too thin,

the on-resistance ihcreases while
the pinch-off voltage decreases,

which agrees well both with 1
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Fig.3 Comparisonof simuiated and measureddrain current
vs drain-source voltage for different gate voltages in a
JFET of 5 um channel length. Solid lines are from
simulations and open circles are measuredcurves.

dimensional analysis and2dimensional numerical simulations.
In Fig.3, typical I-V characteristics of well-saturated curves are shown. A decrease

in the breakdownvoltage of JFETis the most undesirable effect of trenching owing to the
field crowding at the trench corner, see Fig.4-(a). To avoid this effect, a PECVDgrownSi02
with wet-etched slope is used to transfer a sloped sidewall during dry etching of SiC as
shownin Fig.4-(b) and Fig. 5. The design criteria will be discussed and an optimumdesign
will be presented.

(a)

~:~~'-'

\\ \~~"*'~~,\

~y~:~~1m

Fig.4 Simulation results showing potential distributions for

two different different dry etch profiles, (a) with
trenching effect and (b) with angled etching (VDS=500V,
step of equi-potential lines = 56 V)

tan Osic / tan Osi02

Fig.5 SEMimage showing trench corner
rounding using angled oxide maskafter

removal of oxide mask(inset; schematic
diagram of oxide maskand SiC)
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Considering fault current limiters for serial protection, a lot of structures exist, from
regulation to other complex systems. Up to now, only a few current limiters based on
semiconductor structures have beendescribed in papers tl J,[2],[3],[4].

Although Current Regulative Diode componentexist [5], their voltage and current capabilities

(VBR=100V, I~**=10 nlA), do not allow to use them in power systems. A Comparison
between a Silicon and a 6H-SiC CRD(Current Regulative Diode) equivalent outline the

benefits ofa SiC CRDas current limiter (Fig. 1). Unfortunately, the required dimensions of
implanted layers are too small in regard to current state of art of SiC technology.
Silicon carbide, owing to electrical properties, allows to foresee the realization of newpower
componentswith higher capabilities than silicon. Its band-gap energy (3eV@300K)and its

thermal conductivity (~=4.9 W.cm~1.K~1)allow to fabricate componentssuch as diodes with

reverse breakdownvoltage up to 6.2 kV [6]. Figure 2 illustrates the capabilities of silicon

carbide comparedto conventional semiconductor materials. Factors of merits are introduced

to compare those semiconductors : JFM [7], which outline the potentialities of silicon

carbide, in terms of high power and high frequency with respect to silicon. Thermal and
voltage capabilities of silicon carbide are advantageous to realize a current limiter. As in

passive state, the voltage drop across the componentmust be as low as possible, in the active

state, (limiting phase), a current limiter must sustain both high current and high voltage. The
resulting power must not cause the componentdestruction. Therefore, a newbi-directional

current limiter structure based on a vertical Silicon Carbide etched JFET, with both buried

gate and source (figure 3) is proposed below.
This device was designed for applications like motor starting phase (figure 7), short circuit

protection, circuit breaker with higher performances. Simulations were performed with ISE
sofiware [8] to evaluate static and transient electrical characteristics ofthe JFET, according to
several specifications : voltage capability (1 .7 kV), current rating (> IA). Simulations allow to

estimate geometrical and doping characteristics, (as presented in Fig. 4), as well as the
technological steps required to realize such a component. Controllability (thanks to the buried

gate PIayer), self heating, peripheral effects on the electrical characteristics (such as fixed

oxide charges) have also been analyzed (figures 5and 6). Simulations have been performed
for bi-directional devices in order to minimize power dissipation during limitation state,

owing to the presence of the gate. Finally a combinedperipheral protection with both field

plate and JTE(Junction Termination Extension) wasdesigned to sustain the required voltage

(1.7 kV). The simulated resistance in the linear modeis 170 m~.cm' for the 6H-SiC device
for the I.7kV application. The fabrication of this device is currently on the way and frrst

electrical characterization results are expected within few months.
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Abstract.
This paper is concerned with a detailed device and mix-modecircuit numerical analysis of SiC power
switches. Twostructures have beenchosen, a SiC Trench MOSFETand SiC JFETcoupled with a Si

MOSFETin a Cascodeconfiguration. Thepaper provides for the first time an insight into the physics

of switching of the two structures and proves that the Cascodeconfiguration is a superior alternative

to the classical SiC Trench MOSFETowing to higher switching frequency, Iower on-state resistance

and reduced overall transient losses. In addition the SiC Trench MOSFETsuffers from low channel
mobility, mayencounter oxide breakdownandpunch-through during blocking mode.
SiC JFETand SiC Trench MOSFET.
The cross sections of 1.2kV SiC JFET and Trench MOSFETare depicted in fig. Ia and lb

respectively. TheSiC JFETstructure consists of two main regions, the n- drift layer that supports high

voltages, and the morehighly dopedn buffer layer, placed on the top which controls the conductive

state and in particular the gate threshold voltage (i.e. pinch-off voltage) [1]. The buffer layer doping
is carefully controlled to minimise the on-state resistance with no deterioration in the breakdown
performance. Fig. 2shows that the breakdownoccurs below the buffer layer at the p+ gate/n-drift

region interface. Thedoping of the drift region of the SiC Trench MOSFETis lower than that of the

SICJFETto avoid oxide breakdown. This, coupled with the high channel resistance on account of the

poor channel mobility makes the on-state resistance of the SiC Trench MOSFET(24m~cm2)

approximately one order of magnitude higher than that of the SiC JFET(2.3 m~cm2).

CascodeConfiguration.
The SiC JFETis a normally on device, and as such, not suitable in most of the power switching

applications. To provide a normally-off operation and a full MOSvoltage control the Cascode
configuration wasproposed in [2] and subsequently demonstrated in [3]• The idea is to connect the

high voltage SiC JFET(e,g. 1.2 kV) in series with a low voltage Si MOSFET(e,g. 80 V) as shownin

Fig. 3.
The static potential sharing within the Cascodestructure during the voltage blocking modeis

shownin Fig. 4. An increase in the voltage supported by the Si MOSFETinduces a morenegative

bias to the SiC JFETgate, thus blocking a higher voltage across the JFETdrift region. Thesharing is

found to be linear in both static and dynamic conditions. No over-voltage spike is found during

transient in the low voltage Si Trench MOSFETensuring a safe high voltage switching operation. The
inductive switching behaviour of the Cascodecircuit has been evaluated using a load inductance of

50uHand a MOSFETgate resistance of 30~. The turn-off current curves are shownin fig. 5. The line

voltage is 800Vand the on-state current 10A. Interestingly, and unlike in the SiC Trench MOSFET,
the voltage across the JFETdrain -source terminals oscillates, thus producing corresponding current
peaks. This behaviour is rather complex but can be briefly explained by the fact that whenever a
voltage overshoot occurs on the JFETdrain, the p+ gate/n- drift diode takes a high fraction of the

current so that the load current is diverted through this gate junction. In frg. 6the tum-off curves of a
1.2kV SiC trench MOSFETare shown. Thedevice has been tested under the sameconditions as the

Cascodecircuit, As can be observed, the SiC MOSFETtums off in 410ns, which meansit is almost

twice slower than the Cascodecircuit, which switches off in 210ns. Thedifference is attributed to the

reduced Miller capacitance of the SiC JFET/Si MOSFETCascodecircuit.

l A. Mihaita and at, Mat. sci. Fo*um353-356 (20cn); 723-726
2. B. J. Bahga, Powersemiconductor Devices, PWspubhshing Company,1996
3. H. Miuehner and al, Proc. ISPSD1999; 339-342
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SiC has been recognized as the choice for high-voltage, high power applications due to its

superior properties such as high breakdownfield and high thermal conductivity. The JFETis a
basic voltage-control power device [1]. Comparedwith high-voltage power BJTs, JFETShave

several advantages as power switching devices, such as its high input impedanceand switching

speed and has a larger safe operating area. Since SiC MOSFETSStill need to address the low

channel mobility problem [2], SiC JFETseemsto be a promising alternative because the high

mobility in abulk channel. Recently, someprogress has beenmadein SiC JFET[3]-

The schematic cross-section of our vertical trench JFETstructure is shownin Fig. I .
Thegate is

formed by trench filled with P-type poly-silicon, Unlike conventional JFETS,the sidewalls ofthe

p+ gates are isolated from the channel region with an insulating oxide. This sidewall oxide can
decrease the leakage current during blocking. With the trench and sidewall oxide, it is possible to

form an accumulation layer, thus will reduce the overall specific on-resistance. But the trench

depth will decrease effective drift region length, this may have influence on the blocking

characteristics. In this paper, wewill showour recent progress in determining the performance of

this JFETand proposed fabrication sequence.
In Fig.2a, weshowthe simulated unit cell ofthe JFET. Thethickness ofthe N-epilayer is 12um
including the channel and the drift region. Fig.2 bshowsthe comparison ofthe forward blocking

characteristics with different aspect ratios. Devlce with 2umLt(trench depth) and IumWm(mesa

width) achieves a blocking voltage as high as 1700V. Devices with aspect ratios of 4:2 and 3:2

have the samebreakdownvoltage. The electrical field at breakdown is shown in Fig. 3.

The
device breakdownoccurs at the lower corners ofthe trench.

Since the drift region has a doping concentration of lel6cm~3, this JFETis normally on. The
simulation results of a 2umLt and IumW~device and devices with different aspect ratios are

shownin Fig,4. The specific on-resistance of the devices with different aspect ratios is ranged

from 0.7 to I .5m~-cm2with Ogate bias. The specific on-resistance will decrease with the mesa
width increases. Also, to reduce the on resistance, weneed to increase the drift region dopmg
But both will degrade the forward blocking capability. The simulation results of the JFETare

comparedwith other fabricated unipolar SiC devices in Fig. 5.

The fabrication of this trench JFET is now in progress. Devices are fabricated using 4H-SiC
wafers. The steps ofthe fabrication sequenceare illustrated in Fig. 6.

Weare examining a novel vertical trench JFET with low specific-on resistance and high

blocking voltage. Theprocessing steps are also presented. Device fabrication is in progress.

ACKNOWLEDGEMENT:The authors gratefully acknowledge the support from NSFCenter for Power
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Fig. I Schematic cross section of the trench JFET

O
1~1E.

:~0

~
UJ2

o
~~
-~~

~~
8LLl

+

~'~ ~'t,~
Fig. 3Electrical fierd

at breakdownvoltage

4xIO

~'~'E 3xl03

~~

~~2xl03

D
I~
,D

~ Ixl03

o

~,l

//*

/f / /

/

- Vg=2V
-- vg=0V
=hV9=-2V
-- Vg=~V

1sou

1400

1200

1ooa

ooa

taa

40a

2DO

o

0.0 1O 2O 3O
Drdn Vdtage~)

4

~

~
~c(,

O

Treufh dePth Mcsawidth l_
-2:OI /
- 2:02 // "

3'02 F~~)'e5mo"m~af/ ""
' l'/ ,"'

~ 'll"4:02
///;;_._/7'

"

/"/(
o

/~'_~iV/.."'~/*~=/
Ra'=15a~ohrrFcrllF

l~~'41'

a(1 olo:! oi aJ, I o
Drain vdtage ~)

Fig. 4Forwardconduction Characteristics

1E~)6

E~I E~)7
~~

~
~c I E~8

8
1E~)9

o 500 15001ooo
ReverseVoltage ,V)

Fig. 2Simulation structure (a: Ieft) and forward blocking
characteristics (b) of the trench JFET

1oi

c~E 100
o6~
8=

10-1

J~
.!~

u'
a'~10-2

O
u
iS 10-3
1'
CL

C')

10~

o
~E

Vertical MOS
SAFET

JFET

Si li

Siemen '

NGrlhrop
Grumman'9 Kansai~;REE'O

Kansai/CREt"I.ge

~Kansai,CREE'OO

Purdue'97

. OSiemens'99
SiemensVJFET99

OFurdue'98

4H- IC Iimit

e
P ected RPI JFET'O1

1o' Io' Io'

BreakdownVoltage(\~

Fig. 5DemonstratedMOSFETSandJFETSin 4H- and6H-SiC
andcomparisonwith our projected JFET

N+ Implanted Layer N+

N-Epj Layer
(-1 x IOIGcm~3)

N+Svbstrate

Starting

Field Oxide

N-Epi Layer
(-1 -2xl OIGcm~3)

N+Substrate

Source Contact

Trench Etch

Poly Deposition &Etch
*" ",*

n/'
PI"e'{"al

Fig. 6Steps of the JFETFabrication

- 461-



Technical Digest oflnt '/ Conf on SiC andRelated Materials -ICSCRM2001-,Tsukuba, Japan, 2001 WeP-56

Design andFabrication of Dual-Gate 4H-SiCJFETS

M. C. D. Smithl, J. B. Casadyl, P.B. Shah2, B. Dufrenel. B. Blalockl and S. E. Saddowl

Phone: I.662.325.2230 - Fax: 1.662.325.9478 - Email : mds2@ece.msstate.edu

l Departmentof Electrical andComputerEngineering, Mississippi State University, MS
39762-9571(USA)
2U.S. ArmyResearchLaboratory, Sensors and Electron Devices Directorate, Adelphi,

MD20783 (USA)

Dual-Gate JFETS,consisting ofa buried + gate (4H-SiC(OOO1)Si-face substrate) Iayer,~n-type channel layer dopedin the low IO6cm~
,
and top p+ gate layer were designed and

fabricated. Theseparticular devices were designed to be normally-on, with apinch-off

voltage of approximately minus one volt, for use in analog I.C.'s exposedto harsh

environments. Thesedesired parameters dictated the doping concentration and thickness

ofthe n-type chamelepitaxial layer. Following the one-dimensional design and two-

dimensional simulation using Atlas sofiware from Silvaco, the actual fabrication of these

devices beganwith the growih of n channel andp+ cap epitaxial layers on 4Hp-type SiC

substrates. Thegrowih wasperformed in ahorizontal cold-wall CVDreactor on a
graphite susceptor at a set point of 1535'C. Then channel layer andp+ cap layer were

grownusing a fixed Si/C ratio to establish an n-type doping level of 2x
1016 cm~3and the

introduction oftrimethlyaluminum (TMA)to establish degenerate p-type doping. The

two layers were grownconsecutively in separate n andp+ growih runs. All etching was
conducted using reactive ion etching, andmetal deposition wasconducted using DC
sputtering for nickel and thermal evaporation for titanium-gold. Thesource anddrain

implantation wasconducted at 500"Cusing nitrogen, as follows: I .
12el5 cm~ at 220

keV, 1.1el5 cm~ at 190keV, 1.09el5 cm~ at 150 keV, and 0.92el5 cm~ at 90 keV. A
photograph ofthe JFETdie is shownin Fig. I along with the device cross-section. Both
single-finger devices andmulti-finger devices were fabricated, using gate widths of 290

umand gate lengths of 12, 16, and 20 um, along with test structures.

Subsequentcharacterization of the devices confirmed that the performance of the dual-

gate JFETSwasmuchimproved over that of the single-gate JFETS. For the dual-gate

JFETS,a typical pinch-off voltage around 2volts wasobserved, with transconductance

from 0.151 to 0.845 mS/mm.Thesingle-gate JFETSexhibited a typical pinch-off voltage

around O.5 volts, with transconductance from 0.047 to 0.057 mS/mm.In Fig. 2, the

improvementsin current and gate control are clearly visible. As fabricated, the JFETS
function as expected, but greater current and transconductance should be realized by

simply scaling downthe gate length and reducing the series resistance in the source and

drain regions.
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lutrQ~llLti~n: SiC powerMOSFETS,probably an ideal switch with nonnally-off operation, have
suffered from an unacceptably low channel mobility. Vertical trench-gate UMOSFETSpossess an
advantage of higher cell density, Ieading to lower effective MOSchannel resistance than planar

DMOSFETS.SiC UMOSFETShave, however, exhibited very low inversion channel mobilities of

1-5 cm2/Vs (the best: 14 cm2/Vs [1]) and high threshold voltages of 8-15 V. This poor
performance maybe attributed to a high density of interface states as well as plasmadamageon
the sidewalls introduced during dry etching to create the trench structure. In this work, the

authors have fabricated vertical 4H- and 6H-SiC MOSFETSon sloped sidewalls formed by
molten KOHetching. The performance of MOSFETSon damage-free sidewalls with different

slope angles and crystal orientations is discussed.

M FET ri tion: Theschematic structure of a fabricated MOSFETis illustrated in Fig.1.

The starting material wasn+/p/n-type 4H- or 6H-SiC epilayers grownon n+-type off-axis (OOOT)

substrates. Sloped sidewalls were formed by molten KOHetching at 450-500'C with 1um-thick

Al as a mask. The slope of sidewalls could be controlled by adjusting etching temperature, the

steeper slope for the higher etching temperature. A typical cross-sectional SEMimage of the

sidewall is shownin Fig.2. The slope angle is approximately 36~ in this case, and the surface is

rather flat without roughening and facetting. After saerificial oxidation, 45-56 nm-thick gate

oxides were formed by wet-oxidation at 1050~Cfor 70 min. Thechannel length is 8.5-10.7 um,
depending on the slope angle, and the channel width is 150 um. MOSFETSWerefabricated on
sidewalls inclined toward (1 1OO)or (1 120) to investigate the crystal orientation dependence.

R s It an Disc i n: All the MOSFETSfabricated were operational with normally-off

characteristics as shownin Fig.3. Thechannel mobility and threshold voltage strongly dependon
the slope angle, crystal orientation, and polyiype, as expected. The highest mobility was 15
cm2/Vs for 4H-SiC and 32 cm2/Vsfor 6H-SiC MOSFETSWhichwere obtained on the sidewall

inclined toward (1100) with an angle of 36~ formed by etching at 475'C. These values are

reasonably high as an inversion channel mobility, comparedto previous works published by
several institutes (It should be noted that the bulk mobility in 6H-SiC along this direction is low,

-140 cm2/Vs, due to the large anisotropy). Figure 4 represents the average channel mobilities

(uFE at VG-10V)determined from transfer characteristics of several MOSFETSfabricated on
various sidewalls. Higher channel mobility wasobtained for MOSFETSWith a larger slope angle

in the investigated range. Since the SiC(OOOl)face generally showspoor MOSinterface quality,

the channel mobility mayhave been improved by increasing the inclination (slope angle) from

the SiC(OOOl)face in this study. Surprisingly, the MOSFETSon the sidewall 36'-inclined toward

(1 100) exhibited a higher channel mobility, comparedto the MOSFETSinclined toward (1 120).
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This result might be inconsistent with previous works [2,3], where the (1 120) face provides low

interface state density and high channel mobility. However, the sloped sidewalls have specific

bond configuration different from the exact (1 120) or (1 100) faces. The threshold voltage was
determined to be 2.5-4.6 V for 6H-SiCand 5.5-7.1 Vfor 4H-SiCMOSFETS,andwashigh for a

MOSFETwith a low channel mobility. This correlation indicates that the electron trapping and

Coulombscattering maylimit the channel mobility, as in SiC(OOO1)MOSFETS.Thus, the choice

of crystal orientation is important even in fabrication of UMOSFETSOnSiC{OOOI}wafers.

[1] J.W.Palmouret al., Silicon Carbide andRelated MateriaJs 1995(IOP, 1996), p.8 13.

[2] K.Hara, Proc. ofSpecial Symp.onAdvancedMat. (Nagoya, 1998), p,182.

[3] H.Yanoet al., IEEEElectron Device Lett. 20, 61 1(1999).

Source

Gate
Al

n+, 5um
Si02

p(1 O15cm~3), 5um
n~(1 015cm~3), 5um
n+(1 O18cm~3), 5um

n+_substrate

Ni (annealed)

Drain Ni (annealed)

Fig,1 Schematic structure ofa fabricated MOSFET.

[i IOO]~--=

0.5

Fig.2 Cross-sectional SEMimageof a sloped sidewall.

(6H-SiC inclined toward (1 100), etching at 475"C)

~E~~c:

~
-:'

O
c.t5
t~

0.4

0.3

0.2

0.1

O

6H-SiC MOSFET
_inclined toward (1 1OO)

(etched at 475~C)

VG=1OV

VG=0-IOV
2Vstep

VG=8V

VG=6V

O 2 4 6 8 10
Drain Voltage (V)

Fig.3 Typical drain characteristics of aMOSFET.
(6H-SiC inclined toward (1 100), etching at 475~C)

~co

>c\t~

E
o~>~
~5
o:~

l~5

c:

ccc
~:
O

40

30

20

10

025

Inversion-type MOSFET
6H-SiC

_toward (1 1OO

A--

6H-SiC
_toward (1 120)

4H-SiC
_toward (11OO)

30 35 40 45
Slope Angle (degrees)

Fig.4 Channelmobility as a function of slope angle,

crystal orientation, and polytype.

465-



Technical Digest o.flnt7 Conf on SiCandRelated Materials ~CSCRM2001*Tsukuba. Japan, 2001 WeP-58

Thedevelopmentof ultra high frequency power6H-SiC vertical static induction transistor
with p-n junction as a gate

V.1. Sankin, P.P Shkrebi
,
A.N. Kuznetsov, andN.S. Savkina

A.F.Ioffe Physico-Technical Institute, Russian Academyof Sciences
26, Politekhnicheskaya, St.Petersburg, 194021

.
Russia

Faxi (812) 515 6747, (812) 247 Iol 7ph.: (8 12) 5159185
E-mail :shkrebiyOpop

,

ioffe .rsssi .ru

Silicon carbide has attracted considerable interest as a material for high power,
high frequency devices. Theunique such properties as high thermal conductivity, anomaly
large breakdownfields and others are perspective potential for a development effective
devices for a microwaveregion particularly. During the last ten years newresults from the
strong field vertical ( along Caxis ) transport study on silicon carbide polytypes were
obtained which are very perspective for microwaveoperation [1]. In the first place it is the
discovering of negative differential conduction eaused by electron Bragg reflection from
miniband edge in natural superlattice.

A transistor with static induction (SIT) is one of the highly effrcient and power
microwavedevice. Adevelopmentofmicrowave SiC powertransistor with vertical design
has a great interest nowL2]. Suchtransistor wasformed with Shottky gate contact [3], that
reduces the work temperature and radiation limits. The p- n junction employmentinstead
the Shottky gate contact enhancesthese limits essentially.

Onthe base of n -substrate wecreated n~- epi layer with concentration IO15
- IO16

cm~3and width 2-5 um, which is covered by n+- top layer (0.2-0.3 um). Onthe base of
such n -

n~
- n structure by special technology the SiC unipolar static induction transistor

with p-n junction as a gate have been developed for the first time. The current channel
sizes were equaled to 40 x 2x 3 um3, fig.1

.
So far wefabricated the simple variant of this

transistor with the periphery 200 microns, therewith the effective devices have the
periphery lcm and more [3]• The I-V characteristic presented SIT shownin fig. I has two
ranges: Iinear andbreakdown(there are experimental data proving its breakdownnature).

The influence of the gate voltage on the linear range is the sameas in transistor. The
parameter S is equaled to S= 4 mA/V(fig.2, a). It is a little value due to the little

periphery. If the periphery is increased in 50 times Swill be 200 mA/V. The breakdown
region is caused by mobile domain which arises because of negative differential

conduction caused by electron Bragg reflection from miniband edge in natural superlattice
Ll]. It is unusual breakdown. It arises in a field equal 150 kV/cm. This field is muchless

than breakdownfield in 6H-SiC equal 2000-2500kV/cm. But the field in mobile domain
is muchmorethan surrounding field in the channel and it provides the breakdown. If it is

right the breakdownhas to be removedby the domaindestroying. It is done by sub_jecting
the cross field of the gate to the domain. Really, weare observing at the somegate voltage

a drastic current drop in the channel (Fig.2 a, b). Suchswitch off effect perhaps is a very
interesting from developing novel device of view. A future investigation will showas far

as it is the power and rapid effect. But it should be emphasizedthat weknowhowto
design such transistor to remove the breakdown range and to create the device with
transistor effect only.

Thus, this investigation can give the base for developing such novel devices as:

1.
Theunipolar microwaveSiC powertransistor with vertical design or SIT.

2. The microwave generator and amplifier based on the Bragg reflection effect in natural
SiC superlattice.

3.
Thepowerand rapid switch off SiC device.
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Powerelectronics technology wants SiC MOSFETS.Although steady progress hasbcenmade,many
obstacles needto be overcometo realize practical SiC MOSFETS.Apromising solution to improve the

on-state characteristics of SiC MOSFETSis the use of accumulaion epilayer MOSchannel [1, 2]. In

this paper, we report on fabrication processes (especially on cbannel epilayer growth) and initial

characterization of newly 4H-SiCsingle-implanted epi MOSFETS.
The structure of the MOSFETSfabricated in this work is showain Fig. I . Asubstrate used for the

MOSFETprocessing was8' off (OOOl)4H-SiC. A14-um-thickness n~~pilayer (Ist epilayer, 8e+15cm~3

drifi layer) wasgrownon the substrate using our hot wall CVDsystem. Thep-type body region (2e+18
cm~3, 0.8um thickness) was formed by box-profile Al ion implantation (1.8e+14 cm~2, 40-700 keV)

tbrough a pattemed Si02 mask. Afier removal of the Si02 mask, a 0.5-um-tbickness n~~pilayer (2"d

epilayer, Ie+17cm~3 channel layer) wasgrownonto the epiwafer. Recently, weinveshgated structural

and electrical quality of epilayers grown on an Al-ion-implanted layer [3]• Nodegradation in the

epilayer quality wasobserved for the Al implantation dose up to I.8e+15cm~2,thus weconsider that the

quality of the 2"d epilayer for the MOSFETSis high enougll to fabricate MOSchannel. Activation

amealing for the I>body Al acceptors wasperformed just afier the 2"d epilayer growth in the Cvo
reactor at 1750 'C for 45 min in an Ar ambient. In general, activation annealed SiC sul~aces have

several problems, such as bunchedsteps, selective desorption of Si atomsand impurity adsorption. In

our case, neatly aligned steps of 3040nmheight (this value is comparableto gate oxide thickness) were
emergedanda thin layer of very low resistivity wasformedon the surface. Toremovethe surfiace layer,

weetched the epiwafer surface by RJEto the depth of O. I um. Epitaxial growth is an effective measure

to obtain flat SiC surface. To flatten the epiwafer surf;ace, an n-type 3rd epilayer (1e+19 cm~3, source

contact layer) wasgrownonto the etched surface. Afier the 3rd epilayer growtk~ while grooves decorated

by the epitaxial growth remained thinly on the surf:ace, the surface rouglmess wasimproved markedly.

Nex~the surf:ace epilayer in the channel andp-body contact regions wereetched off by RlE. Weset the

remaining nHepilayer thickness in the cbannel region at O.
24 um, aiming at norrnallyHDff MOSFET

operation. Asacrificial oxide wasgrownat IIOO'C for 2h. Afier removal of the sacrificial oxide, the

gate oxidation wasperformed in an 021H20ambient at 11OO'C for 2bj followed by a reoxidation in the

sameambient at 950 'C for 2h. p-Body contact andnon-amealing ohmic contact to the n~ source and

backside drain regions were formed by Al. Al gate electrode wasformed by e-bcamevaporation. Fig.2

showsa top view photograph of the fabricated MOSFET.Thecombshape gate of the MOSFETis 5
umlong and 20x600 umwide. Ten gate electrode fingers (each gate finger contains two MOS
channels) are aligned in the 600x630um2active area

Fig. 3showsID-VDcharacteristics of the MOSFET.Normally-off operation with ID at VG~)Vbeing
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in the system noise is obtained. On-resistance calculated fiom the slope for VG=20Vis 102m~cm2.

Fig. 4shows ID-VG characteristics of the MOSFET.Field effect mobility, uFE, is estimated to be

13.9cni2Ns in the low VGrange. However, with an increase in VG, the uFEdecreases steeply to the

normal uFEvalue of 4H-SiC inversion MOSchannel. Details of the VGdependenceof the uFEare not

clear, but wespeculate that the behavior is ascribed to the near conduction band edge carrier traps,

which is avital problem in 4H-SiCMOSFETS.Typical breakdownvoltage at VGs~Vwas350~00V.

After breakdowr~melting of electrode metal wasobservedon the periphery of electrodes near the guard

ring. The irnmature breakdown is possibly due to the guard ring which is not optimized. Further

extensive improvementsare required to obtain practical SiC MOSFETS,
This work wasperformed under the managementof FEDas a part of the METIproject (R&Dof

Ultra-Low-Loss PowerDevice Technologies) supported byNEDO.

[1 JP. M.Shenoyet al., Silicon Carbide, m-NhridewandRelated Materiak~ Materials Science Forum264-268 (1 998) 993.

[2] K. Hara, Silicon Cabide, HI-Nitridew andRela~l Materials, Materials Science Forum264-268(1998) 901
.

[3] M. Imaizumi et al., The13th Intem. Confon Crystal Growiil, Kyoto, 2001
.

31.5p~

I ISource Si02 40nml l3rd epi n-type

' 20depi n-type
Gate

l le+19cm-3 0.3 im

le+17c!u-3 0.4 i m I O.2,u m

l Al impl.p-type 2e+18cm-3
0.8!/m5P111 15Frn I

I
~ JJ

T TIst epi n-type 8e+15cm-314;/ m
l l
I I
l
l

4,

l
I

n+ SiC substrate

l
l

J*

[
I

f Drain

Fig,1 Schematiccross section of aMOSFETcell.

l OZ

vC~20v
lel l~. v

lov

1Oo eo

~ 10~
eoE ~~

10-2 E
~O ~40
L T0-3
L:-
O ~
C 10~, 20
CO

O 10-s

10-6

10-7

lO-B

1 2
Drajo v0'1age (V)

Gate

~
oel
\e

Source 650,~ m

Fig. 2Topview of fabricaied MOSFET.

3

~~
E2
cq)

::c.

'O~1

fL'F~=13.9cm2/Vs

VD~).IV

10 Is

Drain voftage (V) Gate 'orrage (v)

Fig. 3ILrVD characteristics of fabricated 4H-SiCMOSFELFiG 4IcrVG characteristlcs of fabncaied MOSFET

- 469-



Technical Digest oflnt'/ Conf on SiCandRelated Materials 1!TCSCRM200]-,Tsukuba, Japan, 200] WeP-60

Evaluation of SiC MESFETstructures using large
signal time dOmainsimulations

R. Jonssonl. 2, J. Eriksson3, Q. Wahabl, 2, S. Rudnerl, 2, N. Rorsman3,H. Zirath3 and
C. Svensson4
ISwedish DefenceResearchAgency(FOI), Box I165, SE-581 11Linkeping, Sweden,
Tel +46 13 378473, Fax +46 13 378170, e-mail roljon@foi.se.

2Departmentof Physics, Linkdping University
,
Sweden.

3Departmentof Microelectronics, ChalmersUniversity of Technology, Sweden
4Departmentof Elecincal andComputerEngineering, Linkeping University. Sweden.

The SiC MESFETis a promising componentfor applications such as high power
amplifiers and high level mixers in the 2-12 GHZrange. To realise these promises a
goodunderstanding of howto optimise the performance of the transistors whenusing
real materials is needed. Semi-insulating 4H-SiC substrates have a high density of
crystalline defects like micropipes, screw and edge dislocations. The substrates can
also haveahigh density of intrinsic defects that create trapping levels in the bandgap.
To lessen the negative influence of the substrate, a p-type buffer layer is usually

grownbetweenthe substrate and the channel layer. The resulting pn-junction aims to
isolate the channel from the substrate. In this waya low parasitic output conductance
at dc can be achieved. Experiments have however indicated that the large signal

response of the transistor at higher frequencies can be very poor also whenthe dc-
characteristics are good. It is therefore important to have a better understanding of
howthe p-type buffer layer doping and thickness affects the output rf power.

In this abstract wedescribe a novel way to investigate the large signal time domain
response of 4H-SiCMESFETS.Wehave utilised the device simulator Medici in time
domain circuit simulations of different SiC transistor structures. A simple amplifier
circuit wasusedwhereadc bias andan rf input voltage were applied to the gate while

a dc bias and an rf output voltage were simultaneously applied to the drain terminal
acting as an active matching to the transistor [l]. The matching conditions were
adjusted by altering both the amplitude and phase difference of the rf voltage source
at the gate and drain. The rf active matching voltage source connected directly to the
drain terminal delivers a sine waveat the fundamental frequency thereby acting as a
short at the higher harmonic frequencies. The results from the time domain
simulations (terminal voltages and currents) were Fourier transformed and then input
and output power and impedance, PAEetc as a function of frequency could be
calculated. The method indicates the output power that can be achieved in the best

case with pure sinusoidal input and output voltages, andwebelieve it to be a valuable
design tool for the improvement of high frequency characteristics of power
semiconductor devices. All simulations were performed with a fixed lattice

temperature of 300 K. Anumberof SiC MESFETstructures wassimulated. Figure 1
showsthe simulated class Bdrain current and voltage waveformfor a structure with a
1500nmthick p-type buffer layer with an unintentionally graded doping varying from
lxlOn cm~3in the upper part to lxl015 cm~3next to the substrate. Thechannel layer

hadanominal n-type doping of 2xl017 cm~3andwas500nmthick.
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Measurementson a similar device showeda good dc characteristic with a complete
channel pinch off at -9 V and a maximumof drain current of 250 mNmm.The
measuredoutput rf powerwashoweverlow.
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Class Bdrain current andvoltage waveformsfor a transistor with a thick

buffer at I GHZ(a) and50MHZ(b).

As can be seen the device works well at

50 MHZbut at I GHZthe transistor is not
delivering any power to the load due to "":' 'V"
the out of phase maximumof the drain

current. The details of the simulation
analysis indicated that this abnormality in

the drain current is due to interaction with _,o

the p-type buffer layer. This phenomenon ~
wasnot observed in dc or small-signal rf

simulations.

Several other MESFETstructures have
beenevaluated in order to obtain better rf

. ....

.[._.~j• ••••••:•••••

j"-' "I"powers. Figure 2 shows the simulated
results for a structure with a IOOnmthick

p-type buffer layer with a doping of 2.8
3xlOn cm~3. Thechannel layer had an n-

24 ns 2.62.2

type doping of 4xlOn cm~3and was 300 Figure 2. Class Bdrain current and

nm thick. The simulation indicates an voltage waveformsat I GHZfor a
output power of 4.5 W/mmwith a 56% transistor with a thin highly doped
PAEat I GHz. buffer.
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The high breakdown voltage, thermal conductivity, and saturated velocity make
silicon carbide highly suitable for microwavedevice applications, with 80WCWand 120W
pulsed demonstrated at 3. IGHZand>4W/mmpowerdensity demonstrated for SiC MESFETS
[1]. However, SiC MESFETShave beenreported to suffer from dispersion and instabilities in

current with tirne. These instabilities take the form of ~,current collapse" whenoperated under

CWbias conditions. This has serious implieations for the use of these devices in microwave
poweramplifiers. The instability has beenreported to be either due to surface charge trapping
between the source and drain contacts on either side of the gate contact [2] or to bulk traps
L3]• This work reports a significant reduction in this effect and demonstrates that the devices

are capable of operation at temperatures as high as 400'C.
SiC MESFETSwith sub-micron gates have been fabricated using conventional

techniques as previously reported [4]. These devices have shownexcellent rf power output
under pulsed conditions, 17watts has beenachieved at 4GHZfor a total gate width of 7.5mm,
equivalent to 2.2W/mm.Howeverthese FETSshowcurrent collapse under CWconditions
and the I/V characteristics are also light sensitive

.
Process improvements have been

introduced which have virtually eliminated the light sensitivity and significantly reduced the

amount of current collapse at CW.These have included an oxide passivation and a gate

recess (figure 1). Devices have nowbeen fabricated using this process and have achieved
fT=6GHz,fMAx=18GHZfor a 500/0.7umdevice.

The improvement in current collapse may be illustrated by making pulsed
measurementsunder different quiescent bias conditions. Figure 2 shows results using the
modified process. The pulse measurementswere madefirstly with equilibrium quiescent
conditions (Vds=0, Vgs=0). The pulse measurementswere then repeated with a quiescent
bias corresponding to class ABoperating conditions (Vds=20V,Vgs=-15V). Thepulse length

was 0.5us, with a 1000us quiescent period. The optimised device shows only a small
reduction in Idss for the class ABoperating point indicating that current collapse has been
significantly improved.

Figure 3showsa slow swept IV characteristic for a device operating at an ambient
temperature of 400'C with only a -350/0 reduction in Idss. In addition, the gate current had
only increased from to 30uA/mm.This extremely good tolerance of high
temperatures suggests these MESFETdevices have the potential for highly reliable operation

[l] S. T. Allen, W.L. Pribble, R. A. Sadler, T. S. Alcorn, Z. Ring, and J. W.Palmour, in IEEEMTT-S
conference, (1999)

[2] K. P. Hilton, M. J. Uren, P. J. Wilding, H. K. Johnson, J. J. Guest, andB. H. Smith, Materials Science
Forum338-342 (2000) 125 l- 1254.

[3] o. Noblanc, C. Arnodo, C. Dua, E. Chartier, andC. Brylinski, Materials Science Forum338-342
(2000) 1247-1250.

[4] K. P. Hilton, M. J. Uren, D. G. Hayes, P. J. Wilding, H. K. Johnson, J. J. Guest, andB. H. Smith, in

proceedings of 7th IEEEInternational Symposiumon Electron Devices for Microwaveand
Optoelectronic Applications (EDMO'99),London, 22-23 November1999, (1999)
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I~lowledge of the actual uniformity of avalanche breakdownin 4H-SiC diodes is of great
importance whendeveloping electronic devices operating in this regime, i.e. SiC Zener [1]

and IMPATTdiodes [2]. Using a photon emission setup and observing through the substrate

(Figure 1) the light associated with the avalanche, we have investigated the breakdown
characteristics of silicon carbide p+-n-n+ 4H-SiCdiodes.

For this work, the back side of epitaxial wafer has beenpolished before device processing in

order to allow back side observations. Detailed description of other fabrication steps and
electrical characterization ofthese diodes can be found elsewhere [1

,
2]. Thediodes exhibited

a stable behavior under avalanche conditions and a positive temperature coefficient of
breakdown voltage which indicated the absence of microplasma or defective sites. The
avalanche regime occurs around 280 V at roomtemperature and is characterized by a strong
luminescence in the optical range (from I . I to 3.1 eV) (Figure 2 and 3) which can be
detected and spatially resolved by photon emission techniques.

The light emission properties and its relation with the current density (Figure 4and 5) is first

investigated at forward voltage bias as well as in avalanche regime in order to determine its

physical origin. The electroluminescence is then used as a tool for assessing the breakdown
uniformity ofthe diodes.

Our results show that in the detected range, Iight (noted I~) originates from the radiative

recombination of injected holes in the n layer in the case of forward operation. In the case of
avalanche operation, different hypothesis will be discussed. Whereasthe light emission is

uniform throughout the surface in the forward regime (Figure 2 (a) and (b)), it is not the case
during avalanche breakdown. The breakdownseemsto occur preferentially along parallel

stripes independent of the diode location on the wafer and geometry (Figure 2(c) and (d)). As
the avalanche current is increased, the stripes widen and the emission tends to occur on the

whole surface. To the best of our knowledge, this is the first time such observation is reported
in 4H-SiC diodes. Webelieve that the stripes indicate regions of enhancedimpact ionization

but, contrary to microplasma, they do not seemto affect the electrical characteristics of the

diodes anddo not lead to catastrophic failure ofthe devices.

Similar electroluminescence striations in silicon p-n junctions at avalanche breakdownhave
been reported in 1963 [3]• At that time they were attributed to doping fluctuations due to the

Czochralski process used to fabricate the diodes. In our case non unifonu doping due to

epitaxial growth can also be proposed as amechanismfor ELstriations.

[1] K. Vassilevski, K. Zekentes, E.V. Bogdanova,M. LagadasandA. Zorenko, Mat. Science Forum,
353-356, 735, (2001).

[2] K. V. Vassilevski, A. V. Zorenko, K. Zekentes, El. Letters, 37, 466, (2001).
[3] A. Goetzberger, B. McDonald,R. H. Haitz, andR. M. Scarlett, J. Appl. Phys. 34, 1591, (1963).
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Wereport on the first microwave limiters fabricated from silicon carbide. Microwave
limiters are two port microwave circuits intended to protect sensitive input circuits of

communicationandother microwaveequipment against occasional powersurges. Dueto

high thermo-conductivity, high operation temperature, and short recovery time, silicon

carbide diodes are attractive devices to build high powermicrowavelimiters.

Wereport on modeling and experimental results on development of SiC based

microwave limiters. Ni based Schottky diodes were fabricated implementing all nickel

technology for ohmic and Schottky contacts fabrication. Weused 6H-SiC commercial
epi-structure with base layer of 2.5 umthick and doping level 2xl015 cm~3 for diode

fabrication. Circular diodes of 200 umdiameter were fabricated. Diode chips were diced

and assembled in microwave fixture for small signal microwave measurements. Small
signal insertion and return loss were measured for 6H-SiC Schottky diode in the

frequency band from 0.04 to 2.00 GHz. Small signal insertion loss for 6H-SiC diode

loaded in parallel 50 ~ transmission line is lower then I.5 dBup to 0.6 GHz.Return loss

(reflection) varies from -25 dBat 0.04 GHZto -12 dBat 0.6 GHZand -6 dBat 2.0 GHz.
It was shown that simplified circuit consisting of two parallel back-to-back

Schottky diodes with described aboveparameters can operate as microwavelimiter up to

0.6 GHz. Broadening of operating frequency range requiring diodes and circuit

optimization will be discussed.

This work is supported by ONR(contract monitor JohnZolper).

- 476-



Technical Digest oflnt'l Conf on SiCandRelated Materials -ICSCRM2001-,Tsukuba, Japan, 2001 WeP-64

4H-SIC MESFETLarge Signal Modeling

Using Modified Materka Model

Soowoon Lee, Namjin Song, Jinwook Burm, Chul Ahn
Department of Electronic Engineering, SogangUniversity

Shmsudong l, Mapo-gu, Seoul, Korea

Tel: +82-2-714-6205, Fax: +82-2-714-6205, E-mail: x-mas2@hanmail,net

4H-SiC(silicon carbide) MESFETIarge signal model was studied using

modified Materka-Kacprzak model [1]. The MESFETcharacteristics for the

large signal model were obtained from a device simulation using Silvaco's

2D device simulator, ATLAS. The simulated device structure is shown at

Fig I L2]. The device simulation results was compared with the reported

data of the same strucutre [1] and showed a good agreement. The srnall

signal and large signal model was established from the MESFET
characteristics. For the large signal modeling modified Materka model was
employed. Fig 2 and Fig 3 show the comparison between simulated and
modeled data. The small signal model showed a good match between
measured (simulated) and modeled data with a small error rate in

S-parameters (Table 1). The modeled large signal pararneters are shown at

Table 2. Both measured (simulated) and modeled results showedidentical DC
characteristics, i.e., -8V pinch off voltage, Gmof 45ms/mmand IDSS Of 270mA/

mmunder VGs=0V,VDs=25Vconditions. Based on the large signal parameters,

power characteristics are predicted. From the Class A power simulation at

2GHZand at the bias of VGs=~4Vand VDs=25V,a 10dB Gain, a 34dBrn (IdB
compression point) output power, a 7.6W/mE1 power density, and a 37%
PAE(poweradded efficiency) were obtained (Fig. 4). The power simulation

results are compatible with the reported results. As the IIP3 (input third

order intercept point) is about 10 dB higher than input PldB, IIP3 is

expected to be around 34 dBm.
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Fig 3. Simulated and Modeled S-parameter 4H-SiC MESFETat I-10GHZ
at VGs=~4V,VDs=25V,ICHz-100Hz

IDSS0.6879E-1 (A) K1 1.6

VPo-8 (v) CIS 0.127E-13 (F)

GAMA-0.125E-1 (1/V) CFO0.605E-13 (F)

E 0.92 KF0.62 (/V)

KE-0.115 (1/V) RG3.45 (i2)

SL O17E-1 (A/V) RD5.13 (~2)

KG0.25E-2 (/V) RS3.57 (~2)

T 0.39E-13 (sec) LG0.54E-10 (H)

SS0.95E-3 (A/V) LD0.19E-10 (H)

IGO0.1E-30 (A) LS 084E-OO(H)

AFAG20 55 (/V) CDS0.11E-13 (F)

IBO 0.25E-2 (A) CDSD0.12E-08 (F)

AFAB1.2 (/V) RDSD7a6 (12)

VBC200 (V) CGE0.82E-13 (F)

RIO 13.99 (i~) CDE0.85E-14 (F)
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ABSTRACT

Nanocrystals of gold, silver, copper and tin are produced in 6H-SiC. This is accomplished
by implanting Au. Ag, Cu, and keV Sn into SiC at roomor elevated temperature followed by
annealing at various temperatures. Using optical absorption spectrophotometry, wedetermined
the location of the absorption banddue to metal nanocrystals in SiC, as well as their average
size. Elevated temperature implantation reduces optical absorption in the substrate due to ion
implantation induced defects.

INTRODUCTION
The exceptional properties of SiC, as a high-temperature wide-bandgap semiconductor

possessing a high index of refraction and high fracture toughness, makeit a suitable candidate
for device fabrication in harsh environments. In recent years, moreattention has beengiven to
both linear and nonlinear properties of the material caused by optical absorption due to the
surface plasmon resonance frequency, which dependson the index of refraction of the host
substrate and the electronic properties of the colloids formed in the host material. The
nonlinear properties allow the manufacturing of a wide range of optical devices. Ion
implantation followed by thermal annealing has beenused to introduce similar effects near the
surface and to ehange the nonlinear optical properties. An attractive property of ion
implantation is that the ions can be focused to introduce the linear andnonlinear properties in a
well-defined space in an optical device.

It has long been knownthat small metallic particles or colloids embeddedin dielectrics

produce colors associated with optical absorption at the surface plasmonresonance frequency
For clusters with diameters muchsmaller than the wavelength of light (~), the theories of Mie
can be used to ca}culate the absorption coefficient (cm~1) of the composite:

a
18•fT'Q'n03 6

x~ h (1)(81 +2•n02)
+82

whereQis the volume fraction occupied by the metallic particles, no is the refractive index of
the host medium,and cl and 62are the real and imaginary parts of the frequency-dependent
dielectric constant of the bulk metal. Equation (I) is a Lorentzian function with a maximum
value at the surface plasmonresonance frequency (a,p), where:

gl(a,p +2•n02 = O (2)

Values of c] for the metals as a function of wavelength are tabulated and the published
index of refraction for SiC is 2.655. The index of refraction, measuredby prism coupling, for
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the SiC used in this work was2.26. FromEquation (2) one can predict the photon wavelengths
for the surface plasmonresonance frequencies for metallic colloids in the photorefractive host

materials. For the in-house measuredindex, no = 2.26, the absorption bands for SiC with Au,
Ag, Cu, and Sncolloids shifi to 625 nm, 509 nm, 617um,and 382nm, respectively.

RESULTSANDDISCUSSION

Wehave implanted SiC crystals with ions such as 2.0 MeVAu, 3.0 MeVAg, 2.0 MeVCu,

and IOOkeVSnat fiuences between5x I015/cm2to 3x I017/cm2both at roomtemperature and
at 500'C.

Figure I shows typical optical absorption spectra for SiC implanted with MeVAuand
annealed at IOOO'Cin ambient argon. As implantation fluence increases the absorption

baseline shifts. Using the measuredabsorption band, 628 nm, and Equation (2), the calculated

index of refraction for SiC at the implanted volume is 2.3. As the annealing temperature
increases, the index of refraction becomeslarger, resulting in a red shifi in the absorption band.

Aullllptanted SiC atter rooo'C in Argon

0.5

Figure 1. Gold implanted SiC, afier heat treatment, ^ 5E15
at two different ion fluences. ' IE16
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.O., L
~'~~

0'2
JL
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Similar results for Ag, Cuand Sn implantations produced absorption bandsat 493 nm, 659

nm,and406nm.

CONCLUSION
Metallic nanocrystals formation wasobserved in SiC implanted with Ag. Au. Cuand Sn

ions. Implantation at roomtemperature results in a large increase in optical absorption that can
mask the surface plasmon resonance absorption band. Implanting at elevated temperature
(500dC), which inhibits the formation of defects, alleviated this difficulty. Thebroad plasmon

resonance for each absorption band indicates that the nanocrystals are very small,
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